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ABSTRACT

Functional programming is a mnethodology desigred to
el@minate many of the problems of past prograsmming lanuages
through actions such as the elimination of the assignment
statement and the ability to progyram in an environment that
is at a higher 1level of abstraction than any previous
languages. In this report an interpreter, written 1in
Pascal, for the Extended Lambda Calculus is presented.
Initially, the events 1leading to the development of func-
tional programming is discussed followed by an in depth look
at how the interpreter operates. Numerous example ELC
programs are presented, including Jdiscussions of practical
arplications and statistical inféfﬁation about execution
times and memory requirements. The Berkeley Pascal source

code for the interpreter is aiso included in Appendix C.
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I. PURPOSE AND BACKGROUND

i ale S mmEm e e e v e e s

A. PURPOSE

The purpose of this thesis it to illustrate the design
and use of an interpreter for the Extended Lambda Calculus
(ELC) as described by Maclennan [Ref. 1]. Initially,
however, it is important to understand why furnctional
languages such as ELC are important and why they will become
increasingly important in the future. To achieve this, a
brief background sketch is presented to explain the events
that have shaped tne need for such languajes.

B. BACKGROUND

buring the brief history of Computer Science there has
reen a remarkably rapid evoiutioa of computing hardware,
while software develo,ment has <£for all practical purfoses
remained static. Thrcughout the last thirty years, improve-
ments such as: decreasing compcnent size, 1increased memory
capacity, faster processor speeds and reduced hardware costs
have cccurred at regular intervals. This trend continues
today in areas such as super computers 1lik2 the Cray and
Cyber and the rapidly changing micro computer industry. It
one studies the evolution of computer software for the same
time period, ir particular programaming languages, the sSame
types of rapid improvements on a rejular basis hLave not
occurred. The first revolutionary developaent in program-
ming langua¢es occurred with the development of FORTLAW by
Backus et al. in the mid 1950s. For the first time scien-

tific programmers could write code that stronjly resempbled

tue equations they were working with. Practically all the
proyrammirg languagyes developed since that tiame, pernaps
8
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with the exception of LISP and APL, are fkasically the same
underneath as Fortran. O0f course there are some outward

differences, such as sophisticated string and array handling

mechanisms, but they are all seguentially processed and rely
neavily on use of the assignmernt statemext, variables and
Le nction of machine state. The early pioneers in program-
ming languages are not totally at fault for the lack of

progress. To understand this statement, a brief examination

LD TP TS o R

of the architecture these langquajes were writtemn for is

necessary.

The jJreat improvements in hardware developuaent,
mentioned previously, were also not fundamental until fairly
recently. Hardware improvenerts remained superficiai 1in
that the @aajority of them were made on the same architec-
ture, that proposed by von Neumann et al. in 1946. Briefly,
the von Neumann architecture consists of a Central
Processing Unit, a Memory used to store both programs and
data, and some kind cf connecticn between the two capable of
transmitting single words or addresses back and forth.
Improvements have concentrated on decreasing size,
increasing speed, etc. and have not been concerneid about the
tasic design of the computer. The connection between the
memory and the CPU 1s the reason why most programming
langyjuages are seyuential in nature, forcing the user to deal
with some fairly low level constructs such as incrementing
counters and setting up iteration loops. 3ackus [Ref. 2]
termed this connection the von Neumann bottleneck and also
described conventional programming ldanguages as just soft-
ware versions of von Neumann machines. Computer architec-

tures are starting toc change, hcwever, and in order to gain

tLe rmaximum benefit from therm prograaming languages and
tecainiques must change also.
Throughout the development of new hardware systems the

trend has bLeen to increase speed Dby mwaking comporents
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smaller and smaller. Common sense dictates that eventually
the ability to do this will become physically impossible.
Does this mean that the juest to increase computation speed
will stop? Obviously not. The most promising solution is
to fully exploit parallel operations 1in data processing
whenever possible. As explained by Stone [Ref. 3], much
promising work has been accomplished in the fields of array,
multiprocessor, and pipeline conmputers, Lut there are still
open research problems concerning how to properly organize
and synctronize all these processors. In other words there
is ro effective software to manage parallel computer opera-
tions. Conventional progamming languages, with their
sequential nature, do not offer mwmuch hope as a solution.
The functional programming languages, such as FP proposed by
Backus [Ref. 2], or the XKent Recursive Calculater by Turner
[Ref. 4], Ly their very nature lend themselves to parallel
operations. This is illustrated in the next section.

As stated previously, one of the biggest problems with
conventional languages is the assiynment statement. Backus
[Ref. 2] calls the assigynment statement the bLottleneck of
programming languages because at the heart of all ccnven-
tional jrograms we find a myriad of assignment operations
producing one word results. The programmer must then
concern nimself with the flow of words through these assign-
ment statements to achieve the desired results, instead of
concerringy Limself with the prcblem as a whole. Another
problem with the assigrnment <statement 1is that it maxes
rfograms unreliabie. Mathezatical proofs do not lend them-
selves well to statements. Consider someone trying to do a
methepatical proof oZ the folliowinj statement.

X 1= x+1
That statement makes absolutely no sense wmathematically.
How can 'x' Le assigned the value of 1tself plus one? This

statement is legal, however, in most conventional

10




programming lanjuayes and makes formal proofs of them
extremely difficult as shown by the work of Hoare [Ref. S].
Functional languages do away with tae idea of the assignment
statement and work only with exiressions. Expressions, 1in
contrast with statements, do posess mathematical properties.
Backus [Ref. 2] has even shown that the functioral language
FP lends itself to an alyebra cf programs that can allow for
relativly simple proofs of program correctness. Since func-
tional languajes deal only with wexpressions, the 1idea of
execution order becomes obsolete, as explained ry Maclennan
[Ref. 6]. One begins to understand how these languages can
be used to exploit parallelism since several expressions
could be solved simultaneously and then brought together to
form a final result.

Another advantage of <functiornal programming is the
compactness of the code written by programmers. Two exam-
ples from the literature illustrate this fact very well.
Backus shows in [Ref. 2] arn FP program to calculate the
factorial of an arbitrary integer n. The proyram 1s one
line long, whereas the corresponding program written in PL/I
is eight lires long. The two [rograms are shown in Figure
1.1 fcr comparison. An even more startling example was

devised ty Early ([Ref. 7], where a two r[ass assembler was

written in both FF and ¢ for an artificial assembly
language, The assembler written in C occupied 459 lines of
non-ccmrhent source code, where as the FP assembler occupied
249 lines, of which more than 100 lines were only a single
ckar. so as to aid in program readakility and clarity.
This fac. vuld have far reaching effects in an attempt to
solve the : tware «crisis as rpresented by Turner [Ref. 4].
The fact t at the code 1s more compact could mean increased
proJramner Troductivity since it is well xnown that program-
aing time is roughly .roportionai to the number of lines of

code regardiess of the language beinyg used. Also, since it

11
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memb <2> <1 2 3> = false
memb <a b> <z t s <a b>> = true

E. THE HEART OF THE INTERPRETER, THE EVAL FUNCTION

The eval function, Figure 2.6, 1s the most important
function in the intergreter. Eval acts as a decoder, deter-
mining how each list sent to it is to be interpreted. This
is acconplished by stripping off the first element of the
list or program and then invoking a rule that corresgonds to
that first element. For example, if the program is

<list a b c>

eval will strip off the word "list" and return <a b ¢> as
the resault. Referring back to the line of code that starts
program execution, it is seen that after the program
is read 1in it 1s sent to the eval function along with a
pointer called primitives. Primitives is a pointer to an
association list which acts as an environmnent for executing
the rrimitive operaticns discussed in the last section. For
a detailed discussion of association lists and environments
see Maclennan [Ref. 6]. The primitives association list is
buiit initially by using the dcprim (declare primitives)
functiorn. An example of a yrart of the 1list is shown in
Figure 2.7. The reason this primitives association list is
constructed is to maintain consistency between how primitive
and user defined functions are evaluated by the interpreter.
Tais 1is discussed in more detail later in the next section.

It is important tc now look at the key words recognized
Ly eval and the rules they invoke. By doing this, a

complete understanding of the interpreter will be achieved.

e list 'List' simply lets the interpreter krnow that tais
expression is a 1list, so eval returns the rest of the

list sent to it. For exaaple, ii eval is sent

N
w
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e Sub Returas a particular element from a list. Takes two
arguments: a pointer to a list and an integer indicating
the position of the desired element in a 1list. For
examgple, sub (¢<A B C> 2 ) =8B

e Kepr Takes a finite set (finset) ds an argument and
returns its ELC representation, which is simply a list.
repr <finset - k c 1 2> =<abc 1t 2>

e len Determines the length of amy list.
len <a> 1
len < > 0
len <a <b ¢> d> = 3

e Equal Egual tests the eguality of any two atoms or any
two lists.
equal <2 2>

equal <a ¢c> = false

true

equal <a b ¢c> <a b ¢> = true
equal <a b ¢> <a <b> ¢c> = false

¢ GTI Greater-than tests if argl is greater that arg2.
GT argl arg2 = true/false
GT 2 3 = false
GT 5 1 = true

The next three boolean primitives follow the same pattern

as GT.

T Less-than

.
It

.
[}

E Greacar-than cor equal to

]
I
=

less-than or equal to

(13

ent Member tests to see if argl is an <element of arg2,
wih,ich must be a list.

memb arygl <ary2> = truesfalse

memb Z <1 2 3> = true

24




conr a <b ¢> = <b ¢ a>
conr <a b> <c d> = <c d <a b>»>

e Atom A Boolean function that determines if its argument
is an atom.
atom ‘'a' = true
atom <list a b ¢> = false

4

e Nuli A Boolean function to determine if a list contains
no elements. The last exasple is a list containing one
element which harpens to be a null list.

I null <> = true

null <a> = false
null <<>> = false

e Binary Arithmetic Operators Each of the listed ofperators

works for any m,n where m,h are two integers or two real
numkbers.

sum B n

subt m n

prod m n

divi m n

e Trigonometric Functions The following functions take
, single arguments of angles in degrees.
sin
cos
tan
. cot

secC

MoK M M X M

CsC

e Id Identity Function; simpl; returns the argument it is
sent, eg. id 2 = 2 and 1id ‘a' = 'a‘. The purpose of
this function is 1illustrated 1in example program X
Appendix B which generates the table of sin, cos, tan

for all angles from 0 to 90 degrees.

23
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description of tie primitive cors is covered in Section 3 o

this chargter, but suffice it to say that cons forms the
first element of the list represented as a cell pointed to
by the head of a 1lst cell with the tail set to nil.
Additional cells are added by connecting them properly to
the tail of the last cell read using the cons primitive and
manual manipulation c¢f pointers. This is accomplished by
the while loop in function readlist. This process continues
until a right angle tracket 1is recognized, which of course

signifies the end of a list.

3. Primitive Qperations

The following are the [frimitive operations provided
by the interpreter and a brief explanation of each. Correct
syntax for the language is covered in Appendix A.

e First Takes a 1list and returns the first element, eg.
the first of <a b c> is a.

.
tn

est Takes a 1list and returns a list containing every-
thing but the first element, e.g., the rest of <a <b c
d> e> is <<b c 4> ed>.

e last Takes a 1list and returns the last element, e.g.,

the last of <a b ¢> is c.

nitial Takes a list and returns all elements except the

ast, e.g., the initial of <a Lt c> is <a b>.

e Cons Takes an atom or list and wmakes it thLe first
element of a seccrnd iist. The second argument of a cons
operation must be a list.

cons a <b ¢c> = <a b >
cons <a b> <c d> = <<a b> ¢ a>

e Ccnr Cons to the rijnt. Conr 1is the opposite of the

ccns operation in -hat it makes an atom or list the last

element of a seccnd list.
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, numnber of lst cells that are at the top of the Figure, there
@f are three with the tail field of the 1st cell at the far

:l right set to nil. Being ccnsistent with the previous
. discussion this is a list containing three elements. The
head of the second lst cell, however, does not point to a
leaf or information cell, it points to another 1lst cell
: which forms the identical structure as previously scen.

Again, the tail field of the last element in the internal

list is nil, signifying the end of this list.

‘ D. EIC BROGRAMS
1. Definition

An ELC program is nothing more thamn a list built in

i. such a way that it can be evaluated by the interpreter. It
is important to remember that cne program eguals one list.

Of «course this one 1list usually consists of many other

nested lists as its elements.
2. Eeadiny Programs

Frograms are read into the interpreter by the

readval and readlist functions, which <can be reviewvwed in

Appendix C, Source Code. The readingj process is started by

(e

the following line of the interjreter.
printval ( eval( readval, primitives))
The first function <called is the readval functiorn which
g determines the type of data being read by recognizing the
first character of the input. Since a gprogram is a list,
the first character will obviously be a 1left arnjle bracket

<, transfering execution to the readlist function.
4 Feadlist builds the program intc the same kind of structure
as discussed 1in the last secticn. This is seen by first

noticing that readlist calls readval again and the results

are placed in a list through the cons function. A detailed
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<a <b c> &
—-)Iref =1 l
tag = 1st
__lhead | tailj_
‘i’ .............
+->F;E°Z'T"I +->F;f =1
tag_= al tag = 1lst |
laval = ta'j| ——— e m e
------------ I__lhead l tallj__l
————————————— | +—->|ref =1 B I
|ref = 1 |<-+ tag = lst
Itag = 1st ——e i emmeeo
m—t e ————ma __luead | tailj
lkead | tailf_ I ——oem——mm—— e
————————————————————————— ‘ +-->nil
+=>jref = 1 +->’ref =1 | |  mmmmmemee———-
tag = alf tag = 1st i +->|ref = 1
aval = ‘b ———memm e — e tag_= alf
------------ __lhead | tail |_ aval = 'q¢
+-->nil
+->‘ref =
tag_=
laval = 'c?|
Figure 2.5 List Within a List.
The first 1ist contains three atoams. It is easy to tell

that there are three elements in the list by counting the
cells that are tagged as lists (lst). The information in
the list is contained in other «cells that are pointed to by
the heads of the list cells. The tails of tike list cells
point to the next list cell, which in turn poiats to the
next element in the list. The end of the list 1is repre-
sented by the tail field of the last elemeut beiny set to
nil. The example in Figure 2.5 is a list that has as cne of

its elements another list. Cnce ayain 1f you count the

20

PO U PP |




TN R NLUELR T TN TR Y R TR TR OTSTT OORONRNTY AT T T AT e T

.
Pointer
from anotaer
cell
t->iref = 0 |
tag = 1lst 1
{=m=—— | head | tail}—-=----- >Pointers to
---------------- other cells.
Figure 2.3 Pascal Representation of a List Cell.
.
<a b o
——>‘ref = 1 ’
tag = 1st
__lhead | tail)_
s->iref = 1__ | +->F;E‘ET"'I
ltag = alf tag = 1lst |
aval = 'a‘ e ———e— =
------------ __lhead | tailj__
............ ‘i‘
ref ;T"] +-->F;E'Z? """
+->|tag = alf tag = 1st
aval = 'b'| it m————————
------------ __lhead | tailj
I |
} +-->nil
+->|ref = 1
tag = alf l
aval = ‘¢!

Figure 2.4
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Pointer

+-—=>|ref = 0
tag = int
ival = 2

Figure 2.2 Representation of a Cell Containing an Integer.

2. Rhe* about lists?

The atoms are the building blocks of ELC and, when
placed in seguences form, the lists previously described.
lists are also formed using variant records. Lists are
naturally thought of as items that are grouped together
because ¢f a common bcnd. The linked 1list of Pascal is the
natural method to use to represent these groups. This is
clear because the interpreter needs to be able to create
lists of varying lengths during executiorn. Since the size
of Pascal arrays must be declared before program execution,
their use to represent lists is impossible. A language with
arrays that could grow dynamically would be more efficient
to use in order to avoid the overnead required in main-
taining Pascal pointers in linked 1lists. The list cell is
shown in Figure 2.3. The basic cell structure is the same,
except that the tag is now 'lst' and the variant portion of
the record contains two fields (head and tail) tnat are
pointers to other cells. As mentioned previously, lists are
sequences of atoas, iists, or atoms and lists surrounded by
ar.yle brackets. In crder for the interpreter to recogrize
wiere the angle lrackets are, the tail field of certain lst
celis are set to nil. The representation of two simple

lists is shown in Figures 2.4 and 2.5.
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refer to the jrammar in Appendix A. Lists are seguences of

atoms or 1lists or atcms and 1lists separated by spaces ani
surrounded by angle brackets as in Figure 2.1.

<list a b c>
<list a b <list c 4> e>
<letrec append . . .>

P——————YY

Figure 2.1 ELC Lists.

Atoms are used to represent information and data in
| ¢ the language, so the interpreter must have a way of repre-
senting then. Simple records are not adequate, however,
_ because there are several kinds of atoms and they must be
{ distinguishable. The perfect choice is the variant record,
h wihich allows the same record structure to be used for all
atoms while permittirg some or all of the irnformation to
vary depending on the value of a tag field. These variant

ARt I S
e

records are referred to as cells throughout the remainder of

the report. Tags for the different atoms are:

- e Foo (boolean values)

. e rea (real values)

. . :

- e int (integer values)

t- e alf (identifier; corresponds to Berkeley Pascal alfa
type which is a string of ten characters)

Figure 2.2 1llustrates the Pascal represention of an atom
cell.
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Memory management is covered in detail in Section F of this
chapter. The other advantage of Pascal is the clarity of
the code as opposed to some other languajes such as FORTRAN
or C. Pascal is not as efficient as these other languajes,
but in a prototype system like this clarity is a higher
priority.

2. Pascal's Disadvantages are Commonly Known

Pascal's disadvantages for this particuliar implemen-
tation are no different than any other; however there are
two that deserve special mention. Pascal input-output
facilities afe very awkward to use. Any type of translating
program, whether it ke an intergreter or compiler, must scan
an input progran, either from a file or terminal, beifore
execution. Pascal provides only for input to be read in one
character at a time. This technigque is obviously very inef-
ficient, especially since it is well known that a good
method of improving program efficiency is by reduciny the
nunber of I/0 calls required. At a minimum, a Dbetter
ianguage would allow at least an identifier at a time to be
read, while the ideal language would allow a large amount of
data to be read into a buffer, which could then be scanned
and used as needed, only more efficiently because it is in
main memory. If the interpreter were reading from a disk, a
logical amcunt of data to be read at one tire would te an

entire track.

C. THE CELL AND THE REPRESENTATION OF ATOMS AND LISTS

1. Atonms

In ELC, as 1in LISP, there are only two elements,
atoms and lists. Atcms are ncn-divisible entities such as
intejers, real numbers, characters, and identifiers. For a

complete breakdown of atoms and the rest of the language
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II. INTEKPRETER OPERATIONS

A. ASSUBMPTIONS

It is assumed that the reader has a working knowledge of
recursion and recursive language€s, in particular Pascal. 1If
not refer tc Cooper [Ref. 9] fcr information. The reader
nust also have knowledge of the Extended Lambda Calculus as
presented by MaclLennan [Ref. 6]. Complete descriptions of
these areas are beyond the scope of this report.

The interpreter is a protctype systern, so priorities
were given to successful operation and to clarity of code
rather thar to efficiency. Efficiency was not completely
forgyotten and suggestions on future improvements in this

area are given in Charter 4, Conclusions.

B. PASCAL IS THE IBPLEMENTATION LANGUAGE

Pascal was chosen as the imfplementation langyuage for the
interpreter for two reasons, First, rascal is the high
level languaye taught to Computer Science students at the
Naval Postgraduate School. Igplementation of the inter-
preter in Pascal will thus facilitate its future use by
students without the necessity of learning a new language.
Second, wusing Pascal demonstrates that an interpreter of
this type can be written in almost any programming language
providing that it has recursion. Pascal, hnowever, 1s not
the ideal language for this type of project.

1. Pascal Does Have Some Advantages

The principal advantage oi Pascal 1is the ability to
dynamically allocate memory, which takes the burden of

managing an array or heap space away from the programmer.
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T infinite loops. For examples of such programzs see Maclennan

» [Ref. 6].

:‘5 Is the halting rroblem a reason to disregard the vaiue
of functional progamming? If it is, then all other program-
ming languages should be discarded. It is not unusual for
programuers, using conventional languages, to occasionally

p.] write programs that go into infinite loops.

o Finally, another reason why functional programming

i' languages are not currently popular is that they do not work

‘ very efficiently on ccnventional architectures. As stated
u previously, most current architectures are von Neumarn in

E nature, meaning they are sequential. The result is that the
. inherernt parallelism of the furctional languages cannot be
exploited. There is work beiny done to desijn new architec-

° tures, some specifically for functional languages. One of

the mcst promising is the reduction architecture proposed by
Mago, which is descrited in [Ref. 8].
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<call <var sumgLécon 1> <con 2>>

Figure 1.2 Sum in Three Functional Languages.

are the other implementations mcre readable because of their
conciseness? The pcint is that readability means different
things to different (eojle. It also depends to a certairn
degree on training. A programmer well versed in FP wili
undoubtedly feel comfortable with the FP version and might
find the ELC notaticm too vertose and wasteful. On the
other hand, a person not familiar with FP or KRC may be able
to tell more about what the function is supposed to do by
reading the ZLC versicn.

The conclusion is that the readability issue is not a
good reason to abandcn functioral programming. Of course
there is a certain amount of learning time reguired, as with
any language, and it may even e more severe 1in this case
due to the mathematical nature cf these languages. However,
if the Lbenefits of exploiting paralielism and decreasing
software maintenance costs can be c¢chieved, they will far
outweiyh the disadvantaje of a lonjer learning period.

Another problem area that has kept the popularity of
functional languages to a minimum is the halticg problem as
descrited by Maclennan [Ref. 6. As stated, since func-
tional programs are ccnstructed from expressions, evaluation
order does not matter. This is true, however, only for
proiLlems that Lalt. It is possible to write some functioral

programs in such an crder that will cause them to go into
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Def! = eg0 --> 1: x dot (.id,! dot subl.)

Note: dot = ccmpcsition
FE
|
fact: ) .
proc (n) recursive returns(fixed) ;
dcl (n, v) fixed;
if n <2
then v = 1;
else v = r * fact(n - 1) ;
ceturn(v) ;
end fact;

PL/I

Figure 1.1 Factorial Frogram in FP and PL/I.

is easier to prove functional programs correct, software
maintenance costs «could imprcve dramatically. Early's
project also demonstrated this fact in that the assenmbler
written in C took sixty hours tc complete compared to twenty
for the FP version. One of +the main reasons for this fact
was that debujging time for the FP version was neygligble.
This was attributed to the fact that FP programs do what you
expect of them since they are so easily proven correct.
Functional languages are not witiout their critics ani prob-
lems, however, a fact which merits discussion.

There are those that will argque that functional
languages snould not ke used because they are not readable.
This varies somewhat depending on the functional language
being studied. In Figure 1.2 there are three examples of
functions to take the sum of twc numbers. They are written
in Backus' FP, Turner's KRC, and ELC.

shat does "readable" really mean? Is the ELC function
more readakle because it is obvious that a function is being

calied (Lecause of the explicit use of the word "call"), or

12
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. function eval (e, a: list): list;
n var T, 31% {ist;
. a'

begln
if"atomp(e) then eval := e
else begin

e1p 1= first (e

, el := e1 @, ava
: if = Llst' £hen eval := evlis(rest(e), a)
@ else if el = 'finset' then eval := e
else if e1 = 'con' then eval := first( rest(e))
else if = 'var' then eval := assoc( a,
. Llrst( rest{
S else if rec' then eval :=

letrec(flrst( rest (€)).,
first(rest(rest {
flrst rest{rest res (e}))), . a)
€else if el = 'lambda' then begin

new
celfcount(1 ‘eval');
with C3@ do egin

tag_:= alf;

aval := 'ciosure"

Vr——— ¥ W T

ns( cons((C,e cons(a,nil :
s (,§ons (Cye) « ( ) )i

=9
-

f' then eval := evcon( rest(e), a)
call' then
ly(eval (first(rest(e)),a),

evlls(rest{rest(e )ed))
else 1{ el =l'? (f eg £ )
- eval:=apply (eva irst(rest (e)) ,a),
s ff) fem a1
else 1f el = 'let' ther begin
{First, evaluate actual parameters and then
form the environment of evaluation for the
let statementl
T:= falrlls(ev is(first( first( rest(e))), a),

ev 1s( first(rest( first( rest(e)))), a), a)

e
[
(=]
[V
~—
P.anp‘ @
ST
o uitoQ

eval
gval(flrst(rest(rest (first(rest(e))))), T ;

k‘l en
. else errormsg(‘eval?) ;
b end )
: end {rfunction eval};
3
}
k
]
r_a
b
b
3
[
|
y
4
2
b
1y

'@d' Indicates pointer

Figure 2.6 Function Eval.

<list a b ¢>

the rest of the list or <a t ¢> 1is returned.

e con 'Con' tells the interpreter that the remainder of
the list 1is a «ccnstant, so it is returned as such.
® Zxam;les are:

. 26
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< <first <prim first>> <rest <prim rest>>. . . >

[ SO

Figure 2.7 Primitives Association List.

<con » =1
<con <1 2 3>> =<1 2 3

var The keyword var, tells the interpreter to search the
current environment of execution for the value of a
certain bound variable. For example, ii <var x> was
sent to eval and the association looked like

<<x 5> <y 'Navy'> <z 1430>. . .>
eval would return the value of 5 rfor x. The search of
the association list is performed by the assoc function
of the interpreter. Refer to the source code for the
interpreter found in Apperdix C for a more detailed

discussion of the assoc function.

<lambda <x> <call <var sum> <v°r x> <var x>>>

Figure 2.8 lLamtda Expressioan.

dure of conventional programming lanyuagjes. These
expressions are templates for solving certain problems
using variables that must be bound to actual values
before evaluaticn can take place. This template 1is

comaonly known as an abstraction, The example yiven in
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2.8 is a lambda expression that can take any x, where x
i1s an integer or real number, and add it to itself. It
is currently not executable because no actual value for
X 1s present. Since evaluatioan <cannot be <completed
until later, the interpreter prepares the lambda expres-
sion for future execution by forming a closure. This is
accomplished by using the primitive cons to add the
keyword 'closure' to the frcnt of the lambda expression
and then using ccns once again to add this to the front
of the current environment, which has been placed in a
list by itself. All that is left is to bind x with a
value and add that to the current environment for execu-
ticn to take place. This is accomplished by the apply
function, which is triggered by the keyword ‘call‘.

<call <var sum>_<con 2> <con 3>>
Call to Primitive Function

<call <lambda <x> <call <var sum>
<var x>
<var x>><con 5>>
User Defined Function

Figure 2.9 Using Call to Invoke Functions.

¢ cali The keyword ‘'call*' evckes the interpreter function

apply to evaluate ELC function calls. The two simple
exangles jiven in Figure 2.9 are of a direct «call to a
primitive functicn and a call of the lanbda exfpression
discussed in the last section with the actual value of

. The executicr of each is traced below. Refer to

5
Figure 2.6 to follow the trace.

fcall <var sum> <¢ger 22 <con 322

28
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'call' is recognized by eval

<var sum> 1is sent to eval with the current

environment
*var' is recognized by eval

'sum' is looked ur 1in the current envircnment

by function assoc and <prim sum> is returnei.

The rest of the rest of the exgression, which
is <<con 2> <con 3>> is sent to function evlis
which in turn serds each of the elements of
the 1ist to function eval with the <current
environment.Evlis returns a list of the
results. Ir this case <2 3> is sent to func-

tion argly as the actual parameter.

Functiorn apply takes a function and applies it
to a «certain numlter of arguments. It acts
somewnat like eval 1in that it strips off the
first element of the list sent to it to deter-
mine hcw to precede. Since the first element
is ‘'prim*' the interpreter knows that the

following element 1is the name of a primitive

function. The result is that the function
name, ‘sun', ard the arguments are sent to
another function apply:rim for firal

evaluation.
sum, <2 3> are sent to applyprim.
2, 3 are sent to function suu.

A pointer to the answer is sent back eventu-
ally reaching the initial call of function
eval, the answer is printed, and evaluatiorn

stops.
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- Note: The recursive nature of the interfreter
is now clear, even for such a simple progran.
This point affects efficiency and should be

considered as an area for future improvement.

<call <lampbda <x> <call <var

191

um>
var x>
var x>>> <con 5>>

154

'call' recognized

<lambda <x> <call <var sum> <var x> <var x>>>

sent to eval with cucrent environment.

'lambda' recoynized and a closure is forred as
follows <<closure lambda <x> <call <var sum>
<var x> <var x>>> a > where a is the current

environment.

<con 5> is sent tc eval; 5 is returned.

The clcsure and 5 are seat to function apgply.

In function appiy 'closure' is recognized, so
the body of the function <call <call <var sum>
<var x> <var x>> 1is sent to function eval. But
an environment must be <created before evalua-

tion can be completei.

- x, 5, and the current environmernt is sent to
functicn pairlis where the new environment is
created by forming an attribute value pair of
x and1 %, <x 5>, arnd adding this to the current

environment.

- Evaluation of tlLe function now proceeds as the
first example, except when <var x> is sent to
eval the now enviroament is searched fiadinj
the value 5.
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The consistency between how primitive and user
defined functions are evaluated is now clear. This regu-
larity aids the programmer becatse only one convention must

e remembered to invcke all functions.

<if <<caill <var egual> <con 0> <con 3>>
<con ‘true'>
<ccn Yfalse'>>>

Figure 2.10 EIC Conditional.

e if The keyword 'if"' signals that the remainder of the list
is a conditional statement, so the rest of the list is sent
to function evcon, which first determines the value of the
first sultlist, which must in turn be a call to one of the
Boolean functiomns. In Figure 2.10,
<call <var egual> <con 0> <coa 3>>

is the condition. Function evcon sends the conditional to
function eval with the current environment of evaluation.
If the condition is not a Boolean function call an error
will cccur. If the condition evaluates to true, the result
of evcon is the evaluation of the next sublist by eval. If
the condition is false, the resuit is the evaluation cf the
last sublist. In the example, since 0 and 3 are not ejual
ttie conditon is false so the last sublist is sent to eval,

resulting in the constant 'false' being returred.

e Letrec The keyword ‘'letrec' is a signal to create a
special environment fcr the evaluation of a recursive fanc-
tion. See Figure 2.11, There are four elezents that aust

e considered:

e function name In this case 'appeni!
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e lambda expression The abstraction

e body of the letrec Call to the function itself or

As with the normal function cail a closure is formed ard
this is added to the front of the current environment. The
difference 1s that the envircnment part of the <closure
points back to the fpoint where the closure was inserted in
the current environment. This is done so the functior can
be recursively called if need be or other var parameters can
be locked up in the environment. See Figure 2.11 to see how
tone epvironment for the append function is constructed. As
stated, letrec statements can Le nested ty including them as
the rtody of another letrec, thus allowing the programmer to
call any of the recursive functions above it in the body of
the last recursive function. These functiors can only look
back and not forward. For examples see Appendix B, Saafple

Progranmse.

e Let The 'let' statement is sigply a sugared version of the
lambda statement and 1is included for clarity. Instead of
writing
<call <lampda<x> <call <var sum>

{var x>

<var x>>> <con 5>>
the let statement allows you to write the expression in
Figure 2.12. In general, <let <K<x%x...> <y...> <B>>> peans
let x equal y in expression B. Any number of arguments can
re included in the lists beginning with x and y. This type

expression is particularly valuable if you want to assign a

user defined function (lambda expression) a name which can

taen be callied at any time. Consider the doubling function

in  Figure 2.12. The doubling function could have been
32
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tag = 1st <==]
ref = 1
|head | tail |[__
|tag = 1st i
To the<--j f=>jret = 1 |
closure ——mmmem—mme e
Ittt Jhead | tail |
To the environment =—-——————————-w-

Figure 2.11 Letrec Environment.

accomplished using a single lambda expression as 1in Figure
2.8, Dbut the let statement makes the function call expres-
sion

<call <var doutle> <con 2>>
clearer. Once again, expressiorns can be nested by inserting
another 'let' statement for the B expression or even a
'letrec' statement. Examples are given 1n Appendix C,

Sample Programs.
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<let <<double> <lambda <x>
<call <var sum>
<var x>
<var x>>>
<call <var double>
<conz2>>>>

Figure 2.12 Doutling Function.

e apply The keyword 'apply' triggers much the same action as
'‘call', except the arguments to the function are placed in a

separate list as in
<apply <var sum> <list <con 2> <con 3>>>

The reason this feature is included is that some of the
useful ELC programs reguire that arquments be reversed
before functions are applied to thean. This can only be
accomplished if they are placed in a list so a recursive
function call can reverse the elements. There is no primi-

tive function included to handle this situation.

2. Erinting Results

After function eval has completed evaluation, the
result is in a tree form exactly like that described for the
program itself. A pcinter to the top of this tree is passed
to procedure printval, which simply walks the tree and

prints the informaticn found in the leaves. This is done by

cktecking the tags of the cells. If a cell's tag is 'lst?',
there is no informatiom in the cell, only head and tail
pointers. Since it is a list a left bracket must be

printed. At that point the left and right cells are sent to

printval recursively until a cell other than a 'lst' cell is

found. These -ells are obviously leaves of the tree so the
variant portior. of the cell is printed. This continues
34
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until a tail pointer of one of the 'lst' cells is nil. This

signals the

end of the list sc a right bracket 1is printed

ar.d evaluation is coampleted.

F. MEMORY MANAGEMENT

Throughout the executicn of a program many of the

cells that

are created become useless because they can no

longer be accessed. Good examples of this are any of the

tinary functions included in the interpreter as primitives.

For exanrle, consider the sum function, Figure 2.13. Notice

that two pointers are delivered to the sum function which

point to the cells that contain the numbers to be adied.

After these

another cell.

results are

nusbers ar added, the results are placed in
The two cells that held the intermediate

no longer needed and should be returned to a |

free 1list to be used again latter. Another example is the

creation of

new environments fcr lambda expressions before

they are evaluated. After the evaluation of the 1lambda

expression,

the cells that made up the attribute value pair

that was added to the «current environment are no longer

needed and should be returned.

Since this is a prototyfre systea, reference counting

was chosen

as the memory management method because of its

simplicity and ease of installation. The model followed is

outlined by Maclennan in [Ref. 6]. Reference counts refer

to the number of pointers that a particular cell has refer-

encing it at any oae time. This count is kept in an addi-
tional field in each cell. Refer to Figure 2.4 to see the
reference counts for a simple list. fieference counts must

te incremented if additional references to cells are maide.

keference counts in celis must be decremented if references

are destroyed. References can te destroyed by overwriting
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functlon sum{x, y: list) : list;
gar R,I:
e
glf {x®.tag=int) and (yd.tag=int) then begin
if emp then begln
new ( %
cellcount( 'sun') ;
ernd
else
I := freecell;
with Id do begln
ref := 0;
tag := 1nt
Id.ival :="xd.ival + yd.ival;
end
sum := I;

en
else if (x@.tag=rea) ard (y?.tag=rea) then begin
if emptg then begln

new rea)
cellcount(1 ‘surn') ;
en
else
R := freecell;
with R® dc begin
ref := 0;
tag :=_rea;
Rad.rval := xd.rval + yd.rval
end;
sum := R;
en
else

errorusy ('sun') (Tyre mismatchj
end; {Function sum}

"2' Indicates Pointer

Figure 2.13 Punction Sum.

pointers with other pointers by usiny an assignment state-
ment or 1if the cell «containing the pointer itself becomes
inaccessible. Whenever a cell's reference count becones
zero it can be returned to the systed because it is no
lonyer accessible by the prograum.

The interpreter manajes refererce counts through thke

ase of four procedures:

e rptrassn Cverwrites pointers

counts
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e return Returns cells to the free list
o freecell Retrieves cells frcm the freelist

Figure 2.14 shows how function ftrassn works.

_— y___
|-—-->Ttag = aTf~—— ~ |—-->Tfag =TalI ]
ref = 1 jref =1
aval = 'yes" laval = 'no!
Cells x and y before entering ptrassn
X___ —_— — [ y__
tag = alzt | |--->Ttag =3It
ret = 0 I l i = 2 l
aval = t‘yes'! ———————- >laval = 'no!
X := y acccrplished by function ptrassn

Pigure 2. 14 Function Ptrassn.

First, the reference count of the <cell that x poirnts to is
decremented. Next the reference count of y is incremented.
Finally x is assigned the value of y. It is important that
the assiygnment statement be done iast so the reference count
of x «can be decremented. If not Jone x would no longer
point to the correct cell and the reference count of y would
actually ke decremented.

Procedure decr 1is used to decrement the reference
counts of all cells. 1If a reference count of a cell goes to
zero, decr is recursively called over the entire list until
all cells with refererces of zero are found and returned to

a freelist maintained by procedure return.
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Procedure return 1links all the free cells together
by first making them all 'lst' cells and Zirking then
through the tail fields with the tail field of the last cell
in the list beinyg set to nil.

Freecell 1is a procedure that is used to recover
cells Ifrom the freelist instead of creating rLewcells bLv
using the Pascal new facility. Eacnh location in the inter-
preter that needs to create new cells first checks tc see if
the freelist is empty. If it is not, a cell is taken from
the freelist instead of <creating a new one. Actually a
freelist is not necessary. Cells could be returned to the
system using Pascal's dispose feature. Since this 1is a
prototype systen, the freelist 1s maintained to make it
easlier to maintain statistics c¢n the nuwber of cells teing

returned.

2. Conventions

ell Creation

[
.
(]

The reference counts of cells are set to zero
when they dare created. This nmust be done so that when a
Frojram is read into the interpreter reference counts in all
cells are set to one. To understand this, study the cons
function which is used to build up the program list when it
is initialiy real. Cons uses the ptrassn procedure to set
the Lead and tall of the connecting celis. if a cell is
created duriny readin and its reference count is set to one,

tha*t reference count willi go tc two when that cell is sent

to cons. The result is a reference count that is ¢reater
than 1t should be. If, however, the cell is created with a
reference count of zero, it will be set to one when it is

sent to cons, Wwiich 1n turn sets the head and tail of the
¢onnecting c¢ell with the ptrassn procedure. The 2uly

speclalil case that must be recoynized is the cell at the very
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top cf the ;rogram tree which 1must be physically set to one
after readin since it 1is rever sent to the ptrassn

procedure.
E. Local Declarations

If locally declared jpointer variables are used
to overwrite other [fcinters taneir reference counts must be
decremented before the procedure they are declared in 1is
completed. This is done because localliy declared variables
are orly visible within the prccedures they are declared in
and then destroyed. If the reference counts they genereated
are not decremented, excess reference counts to some cells

are the result.
c. Passed Parameters

The reference cournts of cells retferenced by
pointer variables passed to procedures or functions by value
must ke incremented upon entering the procedure and decre-
mented when leaving the procedure. It is easy to see how
cells can bke recovered in this manner. If the reference
count of a cell 1is zero when it enters a procedure it will
Le Incremented to one during the execution of the grocedure
ard then decremented to zerc ard reclaiamed when the

procedure is finished.
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Function EBeverse

Takes any list as an argumernt, reverses the elelmen.s of

e
the list and places them in ancther list.

neverse is used g[priumarily as a sub-function for larger
fFrojrams. It is the nature «c¢f recursion that many tinmes
result lists are constructed in reverse order. TLe reverse

function is then needed to regain the proper order.

Discussicn

There are two versions of reverse included, reverse and
revaux. Eeverse makes use of the primitive 'conr' to Luili
tre resualt list where revaux utilizes a rull list, (<>), to
ruild tne result list using a series of calls to 'cons'. It
is interesting to study the Jifferences in efficiency
tetween the two Junctions. Reverse 1s faster and uses less
DemOL Y. The reason 1s because the primitive conr was
inciuded in the 1interpreter, wiich shortens the number ot
steps required. Whether time and aemory savings justify
including another primitive in the interpreter deperd on how
ofter. it 1s used. The use of the reverse function 1is
sinimal and would not justify including a primitive only for

its use.

<letrec reverse
<lamtda <i>
<if <<call <var null> <var L>>
<con <>>
<cail <var conr>
<call <var reverse>
<call <var rest> <var L>>>

<call <var suk> <var 1> <con 1>>>>>>
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732
704
714
7793
327
g3¢%
842
867
879
880
881
832
884
947
1012
1041
1093
1196
1239
1261

el a Aol e A

83
108

157
52

190

11
157
41
52
28

Bl o andh

realval
nonblark
readlist
readint
digit
letter
readident
readval
evcon
evlis
apply
letrec
eval
letrec
evcon
evlis
applyprim
apply
dcrriam

readfname
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Statistics

System time was 366 aiiliseconds
User time was 6600 gilliseconds

|Module Cells created |

===~ T moso—os=ss- |

jdcprinm 34 |

lcons 402 i

{readiden 57 |

lreadint 1 |

jietrec 6 |

|nall 1 |

Total cells 561

Profiile for append function

Berkeley Pascal PXP -- Version 2.12 (5/11/83)
ded Dec 12 12:48 13884 testll.p

Profiled Thu Dec 13 09:05 1984

line Ccunt
1 1 func
37 21 printval
3€ €05 cellcount
63 77 nullp
84 2123 first
94 1692 rest
122 492 cons
258 10 sub
5395 199 atomp
547 1477 nullp
56U 11 null
536 34 assoc
643 33 pairlis
€62 21 printval

51




N

R e

<call <var append>
<list <con g><con h> <cor j>>

<list <con 4> <con r><con s>>>>!
Fesults cf Append Function (Coafiled Interpreter)
Ernter EXrression
<a, L, ¢, d, e, £, y4 h, t, 3, j, 1, m, n, O, Pe Yo Le S, t>
Evaluaticn Completed

kkk kb hrhh ko kR ko ok kkkokk ok ok &k okokkkkkokkkkk kkkkkkk kkkkk ki ¥k

Statistics

Systen time was 183 gilliseconds
User tiame was 616 milliseconds

| Moduie Cells created |

|=~—===  momoTmmsssooe- |

ldcirim 84 I

fcons 442 )

{readiden 57 |

jceadint 1 l

|letrec 6 |

jnuil 11 ]

Total cells 561

Fesults cf Append (EIC Interpreter interpreted by Berkeley

Pascal)

Ernter Zxgression

<a, b, ¢, &, e, £, 94 n4s 1, J+o Je 1, m, n, 0, P, g, T, S, t>
Evaluaticn Completed

d i o % A ok ko ok ok ok de ok skok ok g ok ook ok ok ok ok ok k3 ek sk ok ko ok kol ok ke ok ok ok ook ok ek ok ok
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APPENDIX B
SAMPLE PRCGRAMS

The statistics in this agppendix are referred to as
compiled versus interpreted. This means compiled and inter-
preted versions of the ELC interpreter. Also all statistics
refer to r[programs run on an interpreter without a memory
manager. Run times are much slower when the memory manhage-

ment system is used.

Purpose
The append function concatenates lists. This 1is
different than the [frimitive cons which Bmakes its first

argjument the first element of another list.

Arpend could be useful if the argument lists were large
databases that had to be combined. This is common fractice
in databtase work where many small databases are combined to

form a whole.

Source Code

<letrec append
<lamida <L M>
<if <<call <var null> <var L>>
{var 4>
<call <var cons>
<calil <var sub><var L><con 1>>
<call <var append>
<call <var rest><var L>>
<var #>> >>>>
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<conditionali>::='<'if<boolean exp.>
<list>|<lockup var>j<corst exp.>|
<prim applic.>|<boolean exp.>
<list>|<lockup var>|<const exp.>|
<prim applic.>|<boolean exp.>

<boolean exp.> ::= '<call <var' <booleaa pria> '">>!
<boolean prim> ::= atom|{null|equal{memb|GT|LT|IGE]|LE
<prim call> ::= '<var' <primname> '>!

<primname>::=first|rest|consjatcmjnull|sumjsubt|prodjdivijsub]

equal |len|memb|{repr|GT|LT|LE|GE

<prim applic.>::;='<call'<prim cali><list>eel|

<ilcckup varreel|<const exp.>eel '>!

<list> ::= '< list' <Kletter>eel | <letter>eel <listdeel|

<number>eel <number>ee

<list>eel <letter> ee?

<number> eel '>°?
<lookup var> ::= '< var' <letter>|<identifier> *>!
<const exp.> ::= '< ccen' <number>eel | <1list> | <letter> *>!

<actuals> ::= <1list> | <lookup var> | <const exp.> |

<lookup var> <lookup var>
<list> eel <list> eel
<const. exp.> {const. exp.>

<letter> ::

<a..z]d..2>
<number> ::= <digitdeel|<digitd>eel '.' <dijitdeel
<digit> ::= <0..9>

<atom> :: letter|nuamter|identifier
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APPENDIX A

ELC GRAMMAR

Note: ' ' Jenotes literal ccpy.

ee denotes superscript. (eel means one or more>

<ELC Ffrogram> ::= atcm|list|<recursive exp.>|<abstraction>{
<application>j<let> t*!¢

<recursive exp.> ::= '< letrec' <rec identifier>

<lambda exp.> <body> *'>!

<body> ::= '<call ' <rec identifier> <actuals>|

<recursive exp.>|<let> '>!

<rec identifier> ::= <identifier>

<identifier> ::= <letter> eel10|<<Kletter><number|letter>>eeld
Note: Ten or less letters. Corresponds to the Berkeley

Pascal built in string, packed array 1..10 of char.

<abstraction> ::= '< lambda' <bkcund variables>

<akstraction body> '>!

<let> ::= '<let<'<bound variables> '<!
<abstraction»>|<agplication>|
{primitive application >|

<conditional>|<recursive exp.> '>'
<application> ::= '<' <lambda exp.> <actualsd>eel '>!'
<bound variables> ::= <letter> e€el| <identifier> ecel

<abstracticn body>::='<'<conditional>|<prim calld>|

<abstraction>'>?
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data must be inserted in the prcgram itseif. This could be
doae easily by modifying the interpreter to recognize key
words that trigger a read operation.

Finally, the interpreter suould be written in a amore
portalkle version of Pascal. Berkeley Pascal has several ron
standard features such as the alfa type that wmake its code

machine dependent.

D. LEESSONS LEARNED

Writing programs in ELC becomes easier with experience.
This was primarily because detailed progyrams are built by
combining several swmaller programs. For exanmple, the
proyram that generates the trig table is made of six func-
tions, e€ach a program in its cwn right. Once the single
function proyrams are tested, they can be easily and reli-
ably used to build othker prograus.

ELC proyrams also force the user to think about protiems

as a whole when prograamming. For exaaple, when writing the
append function one asks the question, "How would I physi-
cally solve this prcklem?". The answer is by taking one

elenment at a time from one list and addirg that eiement to
the second list until the first l1ist is empty. That expla-
nation is exactly how to solve the proklem recursively and
the ELC program reflects that. If a converntional language
was used to solve tne problem, lLowever, the programcer would
have to be concerned witih many low level constructs such as
assigrnment statements and counter variables. After scae
experience, dealinj with problems at a uigher level becanme
ve y comfortable, particularly because mary of the ;rctleams

encountered were solved using the same technilue.
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B. STRUCTURING PROGRAMS

programs are contained in one 1list so they can be

written in one line, but this does not always present a
clear view of what the program does. A natural method of
structuring ELC programs evolved throujh experience. The

method is to stack the argJdments of functions under their
calls. For example, consider this call to the prinmitive
functicn cous.
<call <var cons>
<list a b>
<list c d e>>
This ccnvention tecomes very useful in large programs when
many functions must be nested. The conditional can be
structured as
<if <<calil <boolean exp.>
<True consequert>
<False consequent>>>

Once again the arguments are stacked for clarity.

C. FUTURE IMPROVEMENIS

There are several improvements that can immediately bpe
accomplished for the interpreter.

The code could be made more Englisnh like. This could be
Jjone by writing a frcnt end te translate a higher level code
into the E1C <code used in this report or by completely
changing the ELC granmar. khile making more readatle
programs this feature would decrease efiiciency.

In the opposite directiorn the code could be made more
mathematical in nature, similar to the notation used by
Backus in FF. The tradeoff in that case would te efficiency
versus readarility.

A feature should also be added to allow Jdata for the ELC

frograms to be read from the terminal or a file. Currently
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tnese values ard subscript them based on the number of
scoping lines crossed in gettin from a use of tlLe variable
to its definition. A detailed explanation of this method is
given by MacLennan [Ref. 6]. The beauty of this method is
that it eliminates the overnead of ®managinyg the pointers of
tke association list and the need to recursively search it,
both very expensive operations in teras of efficiency.
Ccmparisons are also made in Appeniix B between two
recursive ELC programs and their Pascal counterparts. The
programs calculate n factorial and generate the first n
elements of the rFiboracci seyuence. The Pascal programs run
faster, which 1is not suprising because there is one less
layer of software invloved in their execution. The time
differences are less than a second, however, and with
minimal improvements to the interpreter can be iaproved.
Finally, a more efficient memory managing system should
Le inplemented. Prcgrams executed with the memory managjer
are very slow as can be seen bty comparinj the run times of
the programs listed ¢cn the last page of Appendix 3 with
their execution times without the memory managjer. A mark
and sweep system would be more efficient because the execu-
tion of a program would not be impeded unless all the allo-
cated memory was used. On the other hand, the reference
counting system invokes memory manajement procedures and
functions throughout froyram execution. 3ince most frograms
will not wuse all allocated memory they would run at near
normal speed (normal speed Llein; the time to execute a
program without the memory manager). The tradeoff is that
the interpreter will have to allocate its own heap space and

manage it.
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IV. CONCLUSIONS

A. EFFICIENCY

Appendix B contains statistical data for several ZLC
progranms. Times for program execution are yiven for both
interrreted and compiled versions of the 1interpreter. It is
not suprising tinat the compiled version always ran auchk
faster and is recommended for use. The interpreted versior
of the ELC interpreter was used throughout developnment,
however, because it took half the time that compiling
rejuired.

Profiles for all sample prcgrams are also included in
Appendix C. TrLese profiles reveal hints on how the inter-
preter could ©Le more efficient. The data shows that the
interpreter spends most of its time in the primitive func-
tions, such as null, first, sum, etc.. zfficiency could be
improved by writing these functions in a lower 1level
language, such as assembly language, and tnen linking these
modules in at run time. This wculd not be difficult because
these functions are very short and they are all constructel
in the same manner, e.g., all the 3oolean Ifunctions are the
same except for the condition beinyg checked. When the lower
level code is completed for one of the modules it could be
used as a template for the others.

Efficiency can aiso be imprcved by replacirg the associ-
ation list mechanism for looking up the value of variatles.
Since the pairlis function always adds new attribute value
pairs to the front of the currert environaent tefore evalua-
tion, 1t is clear that searching an association list is not
always necessary because we kncw the value is at the front

oI the list. A better method is to use an array to hcld
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C. ERROR MESSAGES

The best viy to Ltecome familiar with the irtergreter's
error messagjes is to study the error handlingy procedure of
the interpreter itself, Appendix C. The procedure is set up
like a table displaying all the error messagjes and they can
be easily traced back to theilr sources. The interrreter is
designed to halt exection immediately upon detection of an

€rror.

42

[RAoa & o 4ot e ne aeae A nhan-die J/An ~REEM RN T </t S S S At A S el Ani Sl A AR AR BT AN

e 5-__‘. L




)

!

]

b
F
3
b
3
4

PABAA N Bl ShA S Rt

At this point programs can te typed directly from the
terminal and executed. To stcp execution follow the last
program with a '!°*, A statistical sumnmary is given showing
the numker of cells created, number of cells returned to the
systen, and time of execution before terwination.
Evaluation is successfully completed witih the message

Evaluation Ccmpleted.
If a lony program is to be executed, it 1is recoammended to
place it in a file so editing can be accomplished, if neces-
sary. The command tc interpret a progyram from a file is

obj

The interpreter ther responds with a prompt to ask for the
name of the file where the program exists.

File for ELC Program:

The filename can be up to eighty characters in length.

B. EXECUTION TRACE

After the method of loading the proyram is determired,
the user is Juestioned if a trace is desired. A tiace
prints out pertinent intermediate resuits as the program is
executed to help 1in debugging. Two examples of 1itesms
prinrted out are: each expressicn sent to function eval and
resa1lts of looking up a var farameter in in association
list. Not all expressions can bLe printed out because some
structures are recursive and ar attempt to print them out
resulits in arn infinite loop. To avoid infinite loofps addi-
tional questions are asked about the user's desire to print
out certain structures when there is a possibility that thLey
could ke recursive. Invokingy the trace facility obviously
siows execution a great deal tut can Dbe quite helpful in

debuygging a program.
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III. HUMAN INTERFACE WITH THE INTERPRETER

A. LOADING A PROGRANM

The 1interpreter is activated by first compiling or
intergpreting it using the facilities of Berkeley Pascal

under Unix 4.2 BSD as shown in tae following example:

Interpreted Code

'pi' <filename of the interpreter>'.p!?

Compiled Code

'pc! <filename of the interpreter>'.p!

If interyreted, an executable file named 'obij' is created;
if compiled, an executable file, ‘'a.out' is created. The
complied version runs much faster as seen by the time of
execution statistics located in Appendix 3, Sample Prograns.
It is recomnended that the names of these files be changed
to something more irtuitive, such as ‘YELC' or ‘'Interp',
etc..

The interpreter can be run 1in interactive mode or a
program can be executed from ancther file. Interactive mode
should only be used for short programs or if the interfpreter
is being used as a calculator to perfora basic mathematical
computations. The big drawback to interactive use is that
no editing can be done on programs that are longer than one
iine when typiny at the terminal. If interactive mode is
desired, the following command should be issued. Interpreteld
code is assumed in all examples.

obj i
The 'i' tcgyie tells the intergreter that interactive mode
i Jesired. A logcn amessage with late and time aprears
next, foliowed by the prompt:

Enter Expression
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{call <var reverse> <list a b ¢ d e £ ; h 1 j>>>>!

Fesults of reversiny a ten element list (Compiled versior)

Enter Expression

<j, i, h,

Js

f,

e, d, ¢, b, a>

Evaluaticn Coampleted

e ok o o ok ook ok ok ok ok ok ok ok ok ok ok kool ok oKk kb ok ok o ok ok ok ok e ook ok ko ok ok &

Syster 'ime was

User time was

Statistics
100 milliseconds

516 milliseconds

Jreadiden
Jreadint
|letrec
{null

|conr

Cells created |
S S
84 |

323 I

42 |
1 |

6 I

1 |
|

——— et - ——— - ———— . ——————— =

Total cells

Reversirg a ten element list(irterpreted)

Enter EZxpression

<jl il hl

.

PR

~
£

’

e, d, ¢, b, a>

Evaluaticn Completed

Syster time was

User time was

Rk Nk kb kA k kXX Ak k7 ARk ok k Aok ek ke ok koo k ko ok ok

Statistics
310 milliseconds

5716 milliseconds
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v

i
|
i
|
1
|

i jcons
jreadiden
|]readint
|letrec
jnull

jconr

Total cells

line

1

33
36
63
84
94
122
137
258
539
547
564
59¢
643
663
702

>
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Profile of reverse function
Berkeley Pascal PXP -- Version 2.12 (5/11/83)
Wed Dec 12 12:48 1984 testll.g
Profiled Thu Dec 13 09:08 1984

Count

1
11
420
1249
2861
1545
323
10
10
169
1349
11
33

-
L

11
67

55

func
printval
cellcount
nullp
first
rest
cons
conr
sub
atomp
aullp
null
assoc
pairlis
printval

readval

PP, S

-_J I




<
704 91 nonblank
714 24 readlist
770 1 readint
827 167 digit
835 210 letter
843 42 readident
867 67 readval

b 878 11 evcon

’ 880 135 evlis

1 881 52 apply

(.| 882 1 letrec

! 884 169 eval

{ 947 1 letrec

: 1012 11 evcon

| ® 1041 135 evliis
1093 41 applyprim

b 1198 52 apply

3 1239 28 dcprim

:G 1261 1 readfname

g
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Function Revaux

<ietrec revaux
<lamtda <L M>
<if <<call <var null> <var L>>
<var 4>
<call <var revaux>
<call <var rest> <var 1>>
<call <var cons>
<call <var sub> <var L> <con 1>>
<var M>
>2>2>>
<call <var revaux>
<list a b cde £ g h i Jj>
<con <>> >>!

Results of Revaux (10 element list, compiled)

Enter Expression

<jl il hl gl fl el dl Cl bl a>
Evaluaticn Completed

% Ak 3k ko e ook koo ok ok ok ok e ol ol e ok e ok e e ok e ok ok Xk Aok g ok ok kol ok kool ok ko ok

Statistics

System time was 166 milliseconds

User time was 566 milliseconds

| Module Cells created | -
|-~ e |

|dcprinm 84 |

|cons 383 |

jreadiden 47 |

|readint 1 \

|letrec 6 |

57
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3 lnull 1 I

‘: Total cells 532

Results of revaux (interpreted).

Znter EXpression

'ii <j, i, L, 4. £, e,

. Evaluaticn Completed

d, c, b, a>

" Ak o ook o ook ok ok ok e dkokok 3ok ok Kok ko ok Kok ok b ol o ke ok ok dkoikok e sl ke dkeok ok ok ok ok ke %k

‘ Statistics
{ Syster time was 366 milliseconds

! User time was 6333 milliseconds

- — e ————

L @ j Module Cells created |
' |-====-  mmmmmmme——ee i
¢ fdcprim 34 |
& jcons 383 |
{readidern 47 !
lreadint 1 |
|letrec 6 |
jnull 1M |
Total celis 532

profile of Revaux

4 o ml A e s

Berkeley Pascal PXP -- Version 2.12 (5/11/83)

ded Dec 12 12:48 1984 testil.;

Profiled Fri Dec 14 22:46 1984 |

Line Ccunt ;
i 1 func
33 11 printval

° 36 470 ceilcount
)
i 58
!
|
}A
®
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3 63 1466 nullp
" 84 3104 first
ft 94y 1672 rest
ﬁ 122 383 cons
E 258 10 sub
: 539 180 atomp
Li 547 1466 nullp
. 564 11 null
d 599 94 assoc
E 643 33 pairlis
L‘ 702 74 readval
| 704 100 nonblank
3 714 26 readlist
g 770 1 readint
L 827 178 digit
b 835 226 letter
843 47 readident
N 867 T4 readval
'C 879 11 evcon
3890 e evlis
[ 881 52 apply
882 1 letrec
884 180 eval
947 1 letrec
1012 11 evcon
1041 146 evlis
1083 41 applyprinm
1198 52 apply
k' 1239 28 deprim
N 1261 1 readfnane
K
3
q
t
Y 59
)
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Functionals are functions that retarn other functions as
results. The map functional allows the user to take any
unary £function and apply it to the elements of a 1ist,
returning a list of the results. In this example, the sine

function is mapped across a list of ten angles.

Map could be used extensively in business applications.
An example would be an employee database where thne same
operations must Le accompiished on many different reccrds.
I1f salaries were increased acrcss the board, a version ot

map could be used to achieve this.

Source Code

<letrec map
<lambda <i>
<lamkda <L>
<if <<call <var null> <var L>>

<con <>>

<call <var cons>
<call <var > <call <var first><var L>>>
<call <call <var map> <var i>>

<call <var rest> <var L>>>>>>>>
<call <call <var map> <var sin>>

<iist <con 45> <con 6C> <con 90>>> >!

nesults of map functional (map sire)Coapiled

Enter Expression

<2.707107, 0.866025, 1.0000006, 0.913545, 0.573576,
0.342020, 0.422618, 0.275637, 0.339693, 0.5%9391>

Evaluaticn Completed

kb kk ko kkkkokkkk kb ok ko ko kk k dk kR ok okokk Xk kdok kkk k kkk gk k vk %
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Statistics
System time was 216 milliseconds

Jser time was 683 milliseconds

|Module Cells created |
f-——==— mmm=m———e=——- |
|dcprim 84 [
Icons 445 |
jreadiden 52 l
lreadint 10 |
|letrec 6 |
jeval 11 |
jaull 11 |
Ising 10 |
Total cells 629

Map sire (interpreted)

Enter Expression

<0.707107, 0.866025, 1.020000, 0.913545, 0.573576,
0.342020, 0.422618, 0.275637, 0.939693, 0.993391>

Evaluation Completed

Jook e o e ot ko o o ek ok ok vk ok ok ok e ok ok ok ok e o ook o ok e e e o e ok e ol ke ok ok ke sk ok Rk kokok Rk

Statistics
Syster time was 416 milliseconds

User time was 7666 milliseconds

|Module Cells created |
| ===~  Tmmmmmsssse-- |
jdcprin 84 |
Icons 445 |
jreadiden 52 |
Jreadint 10 }
61
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|letrec 6
jeval 1"
jnull M
|sing 10
Total cells 629

Profile for map functiornal

Berkeley Pascal PXP -- Version 2.12 (5/11/83)

Wed Dec 12 12:48 1984

test11.

Profiled Thu Dec 13 10:15 1984

Line Ccunt
1 1
33 11
36 573
63 1666
84 3579
9u 1959
122 445
411 10
539 212
547 1666
564 11
533 104
645 44
663 11
702 103
704 144
714 41
7793 10
827 217
835 279
843 52

62

func

printval
cellcount
nullp
first
rest
cons
sinp
atomp
nullp
null
assoc
pairlis
printval
readval
nonblanx
readlist
readint
digit
letter

readident
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367
875
880
881
882
884
9y7
1012
1041
1093
1198
1239
1261

‘‘‘‘‘‘‘‘‘‘‘‘

103
1M
167
73

212

11
167
51
73
28

63

readval
evcon
evlis
apply
letrec
eval
letrec
evcon
evlis
applyprim
apply
dcprin

readfname
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burpose

The halving function takes a list of rumbers and retaras
a list of all the elements divided in thalf.There is really
no practical application for this function but it Jdemon-
strates the use of the 'bu' functional which changes a
tinary ogerator to a unary operator. I you cdivide a list
of integers by 2 it is more e€fficient to f£ix the second
operand of the division instead of evaluating 2 a4as a

constant each time the division takes place.

<letrec map
<lamkda <f>
<iamkda <L>
<if <<cali <var null> <var L>>
<con <>>
<call <var cons>
<call <var £> <call <var first><var 1>>>
<call <call <var map> <var f>>
<call <var rest> <var L>>>>>>>>
<let <<ku> <<lambda <f k>
<lamkda <x>
<call <var f£> <var k> <var x>>>> >
<let <<revf> <<lampda <£>
<lanmktda <x y>
<call <var > <var y> <var x>>>>>
<cail
<call <var map>
<call <var Lw>
<call <var revf> <var d4divid>>
<con 2>>>
<list <con 4> <con 6> <con 8> <con 13>>
22>>>>!

Results cof Lalving function (compiled)

6U
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Inter Exgression
< 2, 3, 4, S, 10, 11, 12,
13, 14, 15>

Evaiuvaticn Completed

do ko A % ok ook ok ook gk ok ok Xk ok K ok koak ok sk ok ko 3k ok e ok oo ok ook ook ok ok ok ok ook ok ok ok

Statistics

Systenm tize was 183 milliseconds
User time was 906 milliseconds
| Module Cells created |
|======  somemmmee—ee- |
fdcprinm 84 |
fcons o074 |
|readiden 37 |
{readint 11 |
jictrec 6 i
jeval 15 |
jnull 1 |
] divi 12 |
Total cells 898

fesults of ualving (interpreted)

Inter Zxpression

< 2, 3, u, S, 10, 1, 12,
13, 14, 15>

Zvaluaticn Completed

Sk ok ook ok kR R hok ko ko koo ok Aok koo kK R ko dok ok kokok ok Rk kR ok Rk R
Statistics

ZYyster time was 483 milliseconds

b5




User time was 10183 aillisecornds
{ Module Cells created |
|======  mmmem——————— I
|dcrrim 84 |
|cons 674 ]
freadiden 37 |
lreadint 1M {
Jletrec 6 |
leval 15 |
inuil 11 i
jiivi 10 ]
Total celis 398

Profile for halving function (use of bu).
3erkeley Pascal PXP -- Version 2.12 (5/11/83)
ved Dec 1Z 12:48 19384 testill.p

Profiled Tuu Dec 13 10:03 1984

Line Count
1 1 func
33 11 printval
3¢ 842 ceillicoant
63 2057 uullp
8u 4420 first
94 2494 rest
122 674 cons
<33 10 livi
534 335 atomp
Su7 2057 nuiip
S€4 11 nali
53¢ 166 4350C
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bl 3
663
702
704
714
773
827
833
843
8§67
876
8§80
861
882
884
gu7
1012
1041
1093
1198
239

1261

103
1M
168
233
70
11
350
4u8
87
168
11
249

67

pairlis

printval
readval
nonklank
readlist
readint
digit
letter
readidernt
readval
evcon
evlis
apply
letrec
eval
letrec
evcon
evlis
applyprin
apply
dcprim

readfname
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|sum 255 |
}len 411 |
Total cells 57682

Profile for fregquency table function.
Berkeley Pascal PXP -- Version 2.12 (5/11/83)
aed Dec 12 12:48 1984 testll.t

Frofiled Thu Dec 13 10:23 1984

line Ccunt
1 1 func
33 13 printval
3o 57626 cellcount
€2 1806 equal
03 664983 nullp
8u 1404622 first
94 743026 rest ;
122 45559 cons i
153 255 sun j
273 2267 equalp %
291 1806 eyual {
539 73799 atomp %
cu7 664963 nullp |
564 4554 null
57¢ 1233 leng
587 411 len
593 36403 assoc
643 13367 palrlis
ceED 13 psrintval
772 €390 readval
734 744 noLilank
714 214 readlist

&1
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|mentk 666 |
|lequal 1806 }
|sunm 255 {
|len 411 |
Total cells 57682

Eesults of freyuency tanle generator (interpreted)

Enter Expression

<Ltext, 1>

, <of, 1>

. <tlock, 1>
, <the, 1>

., <ls, 1>

+ <This, 1>
>

Zvaluaticr Completed

ok ok ok ok ok i ok dkok ok ok kol ok ko kok ok ok ok ok ok ok ok ok ok ok ok ok ok ok kok & Kok ok

Statistics

Jysten time was 23500 milliseconds
Jser tipe was 1990866 milliseconds
{ Molule Cells created |
fi-——=——>-  Tmmmm—eo - |
|dcpria 84 H
jcons 49559 |
jreadidern 313 |
freadint 3 |
lletrec 1 }
leval 1 |
jnull 455U |
{memk uho |




<var T>>
<call <var frey>
<call <var rest>
<var T>>>>
<con 1>>
<ccn <O5>>>>>>

<call <var freg>

<call <var repr>
<finset This is the Llock of textd>>>>>>>>>!

Results of frequency table Jenerator (compiled)

Enter Expression

<Ltext, 1>

. <of, 1>

, <tlock, 1>
, <the, 1>

, <is, 1>

. <TGtlis, 1>
>

Evaluaticn Conmpleted

ok Ak o ok ook ok ko e ok % Aok Aok okl ok Aok ok ok ook ook ok o ook ok o koK ok ok e ok o ok ok ok ke

Statistics

Syster time was 4916 millis=conds
Jser tice was 157966 milliseconds
|Module Cells created |

fdcprim 34 i
jcons 435559 ]
jreadi len 313 |
| ceadlint 3 |
|lutrec 30 |
jeval 1 |
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<if

<var

P

<<call <var equal>

k>

<call <Kvar first>

<call

<call <var first> <var T>>>>

<var first>

<call <var rest>

<call <var

<var

<let <<occur> <<lamkda <w
<if

<letrec frey
<iaakla <2>
<if

<con <>>

<<call <var ruli> <var T>>

<call <var overlay>

<cail <var freg>

<call <var

<call <var cons>

<call <var first> <var 7T>>>>
lookup>
<call <var rest> <var T>>
k>>
>>0>>>
>
<<call <var equal>
<call <var memnb>
<var w>
<call <var dom>
{var F>>>
{con true>>
<call <var lookup>
<{var F>
<var w>>
<cor 0>>>>>
rest> <var 7>>>
<call <var firstd> <var I>>

<call <var

cons>
<call <var sum>
<calil <var occur>

<call <var first>

78




<var T>>>
<call <var rest>
<call <var Jdom>
<var 7T>>>>
<con trued>>
<con false>
<call <var isfinfunc>
<call <var rest>
<var T>>>>>
<con false>>>>>>
<letrec overlay
<lambda <T pr>
<if <<call <var equal>
<call <var isfinfunc> <var T>>
<con true>>
<1f <<call <var null> <var I>>
<call <var cons> <var pr> <con <>>>
<1f <<Kcall <var equal>
<call <var first> <var pr>>
<call <var rirst>
<call<var first>
<var T>>>>
<call <var overlay>
<call <var rest> <var T>>
<var pr>>
<cal: <var corns>
<call <Kvar first> <var 7>>

<call <var overlay>

<call <var rest> <var I>>

<var pr>>>>>>>
{con Tunotifunc>>>>
<letrec lcokup
<lamtlia <T k>
<if <<call <var null> <var T>>

<con aotfound>

77
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Frequency Takble Generator

Purpose

This program takes a firite set of text and <creates a

frequency table of the words used and how many times they

are usel.

Practical

if extended
Also,

This progyram could be useftl to recognize

patterns in large blocks of data. in military intel-

ligence work, it could be vaulabie to sSee how many times a

peCsOLS Lale appears in a newspaper to gain some 1insight

into how important they amight te.

<letrec iomnm

PR -
[V OR VT N

£

<<cail <var nuli> <var 1L>>
<con <>>

<if

<calli <var cous>
<call <var first>
<call <var first> <var L>>>
<call <var dom>
<call <var rest>
<var L>>>>>>>
{letrec isrinfunc
<lamkda <>
<if <<call <var null> <var 7>>
<{con true>
<if <<cail <var eyual>

<call <var len>

<call <var first> <var 7T>>>
{cou 2>>
<1f <<call <var equal>
<call <var aeai>
<call <var 1:irst>
<call <var dom>

7€
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. 94
y 122
C 137
258
411
539
F[j ' 547
564

- 599
) 643
f{! 663
702
[ 704
714

° 770
827

335

843

a 867
[ 873
i 880
a 881
hi] 882
' 884
947
! 1012
° 1041
1093

[ 1198
. 1239
' 1261

1148
395

123
988

61
23

154
219
65

377
466

85
154

96
39

123

96
29
39
28

B B Bom B B i B

rest
cons
conr

sub

sinp
atomp
nullp
null
assoc
pairlis
printval
readval
nonblank
readlist
readint
digit
letter
readident
readval
evcon
evlis
apply
letrec
eval
letrec
evcon
evlis
applyprinm
apply
dcprinm

readfname
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Fesults cf compositon (interpreted)
", Enter Expression
7
<1.000000, 0.866025, 0.707107>

Evaluation Completed

*ii dook ok ok B okok ok ok dokok o kR ok Kok ok ok sk ook kR kiR ok ok ok ok ok K Kk kK oKk ok
a Statistics
;ﬁ: System time was 583 milliseconds
Eh  User time was 5966 milliseconis
& e
f |Module Cells createl |
5 |====-=  m=m=m—m————e !
f |dcprin 84 i
{‘ jcons 395 {
jreadiden 85 {
E : jreadint 4 ]
' fletrec 12 i
leval 2 |
|jnull 8 |
|conr 2 |
|sinf 3 i
Total cells 595
[ Berkeley Pascal PXP -- Version 2.12 (5/11/83)
[ wed Dec 12 12:48 1984 test1l.p
:’ profiled Mon Dec 17 18:51 1984
. Line Ccunt
’ 1 1 func
L
33 u printval
30 539 celicount
63 538 nullp
' ° 3u 2111 first

T4
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<call <var rest >
<var L >>> >>>>
<let <<dot> <<lambda <f1 £2>
<lanmkda <x>
<call <var f£1>}<call<var f2><var x>>>>>>

<call

<call <var dot> <var mapsin> <var reverse>>
<list <con 45> <con 60> <con 90>> >>>>>!

Results of compositcn (compiled)

Enter Expressiorn
<1.0000200, 0.866025, 0.707107>

Evaluation Completed

% 3k o 3 3k ok o ook ook sk ook ok ok ok ok ok ko ok Rk ke ok ok ok ik ok ok sl ok ok ke e ok o o ok ok ok ok ook sk ok ook ok

Statistics

Syster time was 250 milliseconds
User time was 616 milliseconds
|Module Cells created |

|=====-  mmmmmmmm———e- |
ldcprim 84 l

jcons 335 {

jreadi len 85 i
|readint 4 |
|letrec 12 |

jeval 2 i

jnull 8 |

|conr 2 ]

|sinp 3 |

Total cells 595
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Composition Functional
Purpose
Composition allows the output of one function to act as
the input tc another function.
Practical Application
Composition could be used in business applications as a
way of juerying a database with multiple conditionms. For
example, utilizing the filter function, a user could ask for
records of employees that satisfy a certain condition and
then apply another call to filter with a <further refined
conditiun such as all employees in department 5 that make
more than two thousand dollars a week. In this exa. .e
rapsin and reverse are com;osed. The composition function
is named dot to «correspornd to Backus's FP language which
actually includes this as an operator in the language.
Source Ccde
<ietrec reverse
<lamkda <>
<if <<call <var nuil> <var L>>
<con <>>
<call <var conr>
<call <var reverse>
<call <var rest> <var L>>>
<call <var suk> <var L> <con 1>> >>>>
<letrec magsin
<lambda <L >
<if <<call <var null > <var L >>
<con <>>
<call <var cons >
<cail <var siLnL >
<call <var first ><var L >>> |
<call <var mapsin >
72
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663
702
704
714
770
827
835
843
867
879
880
881
882
884
347
1012
1041
1093
1198
1239
1261

12
150
205

55

15
332
427

80
150

32
260

93

335

32
260
82
93
28

71

printval
readval
noLblank
readlist
readint
i1igit
letter
readident
readval
evcon
evlis
apply
letrec
eval
letrec
evcon
evlis
applyprinm
appiy
dcprim

readfname
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Jdcprim 84 ]
|cons 531 |
|readiden 80 ]
|readint 15 |
|letrec 6 |
jnull 22 ]
|LE 10 ]
Total cells 743

Profile for collate function

Berkeley pPascal PXP -- Version 2.12 (5/11/83)
Wed LCec 12 12:48 1984 testll.p

proiiled Thu Dec 13 10:07 1984

line Count
1 1 func
33 12 rrintval
692 cellcount

63 2566 nullp

4 5526 first

34 2921 rest

122 €31 cons

258 30 sub

3564 19 LEp

394 10 LE

537 335 atomp
547 2566 auilp
564 22 null

599 1€6 assoc
643 33 pairlis

70
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< 2, 3, 3, S 6, €. 7, !
8, 9, 10, 12>

»
‘F

Evaluation Completed

ok sk ok o ok ook o ko ke ok ok gk dholokok ke ok R ok Rk kR kR k ok kk ok ok k kkk ok kkkokk kK %

Statistics

Syster time was 166 milliseconds {
User time was 1066 milliseconds j
R | Yodule Cells created | i
| === Tmmmsessmeee- |
jdcprim 84 |
|cons 531 ] :
|readiden 80 |
! jreadint 15 1
B |letrec 6 [
joull 22 |
- L2 10 I ]
b TTTTIThTTEETTETTT T T T E T T I T T T )
Total ceils 48

Collate function (interpreted)

Enter Expression

A " o

vvvvvvwﬂ
-

< 2, 3, 3, <, 6, 6, 1, ;

3, 9, 10, 12> )

4

- Zvaluaticn Comp.eted !

i 4 4 ok o ok o ok ookl ok o ok kol ok ok o ok ok ko ok ok e ok ok ok K K i ok K ok o ke sk kol ok Rk ok ok ok

Statistics

Systen time was 633 milliseconds
t Jser time was 11316 milliseconds
!
[
r ‘
i
65 :
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Eurpose

D T—T—————— AR At ]

Collate takes two sorted lists and merges th2m into one

sorted list.

Practical Application

Sortiny and collating are standard office functions that

benefit from automation, A scrting

function needs to be

combinec with collate to initially sort the sublists.

Source Ccde

<letrec collate
<lamcda <L M>
<i1f <<call <var null> <var L>>

<var 34>
<1if <<call <var nulld> <var
<var 1>

<if <Kcall <var LB>
<call <var
<call <var
<call <var couns>
<call <var

<call <var

1D

suc> <var L> <con 1>

sul> <var M> <con 1>>>

sub> <var L> <con 1>
collate>

<call <var rest> <var 1>>

<var

<call <var cons>
<call <var
<call <var

<var

A>>>

subp> <var M> <ccn 1>
collate>
L>

<call<var rest>

<var M>2D555D5525>

<cali<var collated><list 2 S 6 € 12><list 3 3 o 7 9 10>>>!

“esult of Collate Function, Compiled

Enter EXxpression
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v

7790
827
835
843
867
8739
880
881
882
884
S47
1012
1041
1061
1071
1083
1093
1168
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[#9]

- O O
(G2 BN )

w

wun
— {4
- N

(oA}
Oh
-—t S

18804
23613
28

[¢3]

N

readint

digit
letter
readident
readval
evcon
evlis
apply
letrec
aval
letrec
evcon
evlis
membp
memb
isfinset
applyprim
apply
dcpria

readframe
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Factorial function

Purpose Computes the factorial c¢f£ n, where n = 0, 1, 2, ...

Ffactorial functices written in ELC and Pascal have been
included to compare the relative efficiency of the inter-
preter versus a conventional Ligh level language compiler.
Factorial is computed for n = 1 to 10. The results are not

suprising in that the Pascal version is much faster.

<letrec fact
<lamkda <n>
<if <<cali <var equal> <var n> <con 0>>
<con 1>
<call <var prod>
{var n>
<call <var fact
<call <var subt> <var n> <con 1>>>
220>
<call <var fact> <con 10>>

tesults of FLC rfactcrial function for n = 1..10
fact (0)
“nter Zxpression

1

Evaluaticn Coarleted k

Aot A ok ok g ok ok sk i e ok ok ok ok R ok o ok g o ok ok o & ok ok e ok ook ko ok okok Rk Rk K

Statistics

Syster time was 33 milliseconlis
Jser time was 233 ailliseconds
jMocule Cells created |
===~ Temmomommos-es I

a3




YT

MM A =

ldcigrim
|cons
jreadiden
|readint
|letrec

Jequal

Total cells

fact (1)
Enter EZxpression
1

Evaluaticn Completed

Systenr tiame was

User time was

| Module Cells created
sty —
jdcprim 84
|cons 212
|readidern 30
|ceadint 4
| letrec 6
jejual 2
|]subt 1
| prod 1

Total cells 340
fact (2)
Enter ZIxpression

z
“valuation Coampleted
34

84

202
30

Statistics

83 milliseconds

266 milliseconds

ko vk % ok o ook ok ook ook ok ok ok ok ook oo ko ok ok d ook sk e dk ok ok kol ke koo ke ke ok ok A ok ok Xk ok Rk Xk
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ok 4k ok ko dk Aok d Kok B % ok ok o ok i ol ol ok ok ok ko e ok oo ok ok A sk ook ok ook ok ok Rk Kok ok ok ok ok ok X

Statistics

System time was 133 milliseconds
Jser tirme was 233 millisecords
|Module Cells created |

|-——=—=- T TTmTeseosee- l
|dcprim 34 {

|cons 222 |

|readi len 30 |
|readint 4 |
|letrec 6 |

lequal 3 ]

|surt 2 {

i prod 2 {

Total cells 353
fact (3)

Enter Expression

o]

Zvaluation Completed

e o ok ok A o sk ook ok ok ok ok ok ook ok sk dok ok bk ol ok i ok koK Aok g ok R R ko ok B ok K

Statistics

Svster time was 133 milliseconds
User tize was 266 milliseconds
fModuie Cells created |
|~===>-  Too-ommmos—=- |
Jicpria 3 |
|cons 232 |
jreadiden 20 |
jreadirnt 4 ]
85
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. jletrec 6 {
X lequal 4 i
1(1 jsubt 3 I
- | prod 3 |
; Total cells 366

b fact (4)

Znter Expression
24

Zvaluaticn Completed

ko kkkkkkkk ok ko k ok kkkokkokok kR hkkkkokk kkkkk kkk kg kk kkkkkkkk

Statistics

Syster time was 216 milliseconds
 ° User time was 283 milliseconds
E

|Module Cells created |
C |-~ mmmomsoso—-s |
fa {dcprin 34 |
[ |cons 242 |

. jreadiden 30 |
pf |readint 4 |
F] |letrec 6 {
- fegual 5 }
L |suktt 4 |
| prod u |
S
\ Total cells 379
fact (5)
® Enter Expression
120
: cvaluaticn Completed
{
¢ 2 ok ok o o ook ook okodok ok ok ol ok ok ok ok koK K ko koK sk sokok ok ko Aok ok ok kokok ok Rk X
¢
@
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Statistics

‘ Systen time was 116 milliseconds
E“ User time was 350 milliseconds
[
5 gy S
{ Module Cells created |
e |
_ |dcprin 84 |
E, |cons 252 |
t: Jreadiden 30 |
[6 jreadint 4 |
b |letrec 6 |
t |egual 6 |
[ |subt 5 |
! { prod 5 |
L. ________________________________
Total cells 392
fact (6)

Enter Exgpression
720

Evaluation Completed

.
N

Lt bul Aa Ak M P
.

3 qx e 3k ko ok o ok ok ko vk ok ok ok ok koo ok ok kol sk ok ok ok ok ok gk ok koo dkodkok ko ko kolok ke okok %k

-

F.‘ Statistics

[ Syster time was 116 milliseconds

L User time was 416 milliseconds

[

r’ """"""""""""""""""""
|Module Cells created |
|====>= T mmessso—--- [

:j |dcprim 34 ]

>0 jcons 262 |
jreadiden 30 |
Jreadint 4 |
|letrec 6 |

o lejual 7 I

27
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..
7;' jsubt I
s | prod 6 I
e e
L Total cells 405
L fact (7)
.
hiﬂ Enter Expression
e 5040
i Evaluation Completed
¥
| ook ok okokokok ok kokobok e dokok dok ol kol ke ORIk bRk ko Rk kok ok iRk dokok ok dolokkok ok ok
a3 . .
;ﬂ Statistics
¢ System time was 133 milliseconds
{ User time was 400 milliseconds
3
o : ,
_ | Mocdule Cells created |
: |==-===  smmmmoooeeee- n
jdcrrim 84 |
5 | cons 272 |
{a jreadiden 30 | ‘
{ Ireadint 4 |
b .
}4' |letrec 6 i
. jequal 8 i
jsubt 7 i
| prod 7 |
S b
L Totai cells 418
[ o
< fact (8)
f Znter Expression
B 40320
° Zvaluation Completed
i ok ke o ok ook ok o ke e o ook o ok ok ook o kol ok ok okokok dkokok ok R ok kK ok R Rk ok %
[ Statistics
[ - Syster time was 133 milliseconds
L
88




433 milliseconds

User time was

————— —— — — P ———————— — ———— — ————

|Module Cells created |
=== —mmm—em——eess |
Jdcprian 84 |
lcons 282 |
jreadiden 30 |
jreadint u |
jletrec 6 |
Jegqual 9 |
|subt 8 |
| prod 8 |
Total cells 431

fact (9)

Enter Expression
362880

Evaluaticn Completed

Ik kokkkkkokkkR ok kk ok ko kkkkphkkk Rk kk ki gxkkkkk %k

Statistics
Syster time was 150 milliseconds

User time was 450 milliseconds

jModule Cells created |
|==—===-  mmmmmeom——e—- {
ficprinm 84 |
|cons 292 |
freadilen 30 |
jreadint 4 ]
|letrec 6 {
jejual 10 |
jsukbt |
| prod 9 }
89
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Total cells 444

fact (10)

Inter Expression

36238090

Zvaluaticn Completed
Aok e ok o ko koo o % ok 4ok ok ko ok dodok kb ok Kok ok Ao ook ok o ok ool ok ok oakoRok Kok

Statistics

Systenm time was 133 nilliseconds
User time was 450 ailliseconds
Mo dule Cells created |
i e i
jccpriam 34 |
jcons 302 i
freadiden 30 i
freadirnt 4y ]
lletrec 6 |
lequal 1 ]
|sutkt 19 |
| prod 10 |
Total cells 457
30
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Factorial function written in Berkely Pascal

Source Code

progranm fact (input, output) ;

var ans,n:integer;

function factorial(n:inteyer):inteyger;
var fact:inteyger;
begin
if n = 0 then
fact := 1
else
fact := n * (factorial (n - 1)) ;
factorial := fact;

end; {function factorial}

begin
writeln(*Input n: ');
readln(n) ;
ans := factorial(n);
writeln (ans) ;
writeln('System Clock ',sysclock:10 ,"' millisec');
writeln ('User Clock ',clock:10 ,"' millisec?) ;

end. {Program fact}

nresults c¢i factorial function in Berkeley Pascai, n= 1..10.

laput n=0

1
System Clock 33 millisec
Jser Clock 16 millisec
Input n=1

1
system Clock 33 millisec
dser Clock 0 millisec

91




Input n=2
2
System Clock

Jser Clock

Input n=3
b
System Clock

User Clock

Input n=4
24
System Clock

User Clcck

input n=5
120
Jystem Clock

Iser Cleck

ILput n=6
720
System Clock

Jser Clock

Input n=7
2J4d
Systen Clock

Jser Cicck

1o

16

millisec

nillisec

miliisec

millisec

alllisec

aillisec

millisec

millisec

nmillisec

aillisec

millisec

millisec
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Input n=§g

40320
System Clock 33 millisec
User Clock 0 millisec
Input n=9

Z€28E0
System Clock 33 millisec
Jser Clock J millisec
Irput n=10

3628800

System Clock 66 millisec
User Clock 16 millisec

Profile for ELC factorial function

SJerkeley Pascal PXP -- Version 2.12 (5/1i1/83)
7ed Dec 12 12:43 1934 testll.g

profiled Tinu Dec 13 029:56 1984

line Count
1 1 func
33 1 printval
36 401 cellcount
o0l 11 eqyual
53 954 nullp
84 2064 first
9u 1132 rest
122 502 COLS
182 10 surt
233 10 rrod
<72 11 ecualp
29 11 ejual
533 150 atomp

R pe——————"1
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354
73
22

56
78
22

129
163
30
56
11
115
L2

150

1M
115
31
42
23

TeTrT wY

nullp
assoc
pairlis
printval
readval
nonblank
readlist
readrea
readint
digit
letter
readident
readval
evcon
evlis
apply
letrec
eval
letrec
evcon
eviis
apvlyprino
apply
dcprim

reacfname
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Erogram (No 'let' statement)

kurpose
This program generates the first n elements of the fibo-

nacci sequence.

Discussion

This function 1s educational in that it shows hoWw effi-
ciency of ELC programs can be improved througnh the wuse o:r
the ‘'let' statement. The definition of the Fiboracci

Sequence 1is:

fin (1) = <1>
fFir (2) = <1 1>
fit(n = 3, 4,...) =
cons ((fib{(n-N)sub 1) + (fib(n-2ysub 2)), fib(r-1),

wiere suk 1, 2 means subscript.

Ihe time consuaingy part of this ifunction, when written in
TLC, 1s calculating fib of n-1 three tiwes to find the next
element of the sequence.Thls can pe avoided by using a let
statement to caiculate Iib(u-1) only once [or each ltera-
tion. The system tirme taken tc generate 1[ib(10) when usinj
tie let statement was approximately .2 seconds compared to
153 seconds when a 'let' was not used.Thls 1n not suprising
since when not using the "let' the time of execution will
increase exponentially as n increases.

Notice also that due to tiie Lnature oI recudrsive
coustructicn of lists the seguernce 15 constructed in reverse
order. To correct this the reverse function is included and

aypiled to the generated sejuence beiore printing.

{ielL€C L[eVelSe
<lambda <>
<ii <<call <var ruil> <var L>>

<con <>>

SN — e m M e m o r oM . > mo oo o—m o -
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<call <var coar>
<call <var reverse>
<call <var rest> <var L>>>

<call <var sub> <var L> <con 1>> >>>>
<letrec fito
<lambda <n>
<if <<call <var egqual> <var n> <con 0>>
<con <>>
<if <<call <var equal> <var n> <con 1>>
<con <>
<if<<call <var e€gual> <var n> <con 2>>
<ccn <1 1>>
<call <var ccns>
<call <var suas>
<call <var sub>
<call <var fibo>
<call <var subt>
<var n>
<con 1>>>
<con 1>>
<call <var sub>
<call <var fibo>
<call <var subt>

<var n>
<con 1>>>

<con 2>>>

<call <var fibo>

<call <var subt> <var n> <con 1>>>
DOEOOO5>

<call <var reverse>
<call <var fibo> <con 10>>>>>!

Results of fib(3..10) without a let statement
£in (3)

Enter Expression

A 9€




N < 1, 1, 2>
Y
._-;.\
';f Evaluaticn Completed
ij% ddokk R kR KRRk Rk KRRk ok ok kR Rk R AR Rk Rk K kR KRk kKRR K Kk &
Statistics
, Systen time was 183 milliseconds
fj ' User time was 733 milliseconds
X |Module Cells created |
4 |-===== mmsmssssssess |
L .
s jdcprinm 84 |
g |cons 428 {
- Ireadiden 105 l
. readint 11
° i [
- ]letrec 12 |
lequal 12 i
|subt 3 |
( ! jsum 1 l
jnull 4 i
|jconr 2 |
by Total cells 662
fib (4)
RN Enter Expression
L < 1, 1, 2, 3>
o .
N Evaluation Completed
[ . Rk Rk Ak R K Ak Rk R R R ok K kR ko ok Kk Rk ok X ok ok KRk K
3 Statistics
o ‘ Syster time was 166 milliseconds
User time was 1250 milliseconds
o
97
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jdcprim
|cons
|readiden
jreadint
J]letrec
jegqual
{sutt
|sunm
jnull

|cornr

Total cells

fib (5)
Enter Expression
< 1, 1,

570
105
1
12
39

Evaluation Coapleted

%ok gk ok ok ok ok ok K ok koK ok koo ok dk ok ok kool ok ok Ok ok ok ok ok ok ok o ook ok ook ok ok ok

Syster time was

User time was

{Module

ldcpriam
jcons
jreadidern
jreadint
{letrec
jejual

jsutt

Statistics
216 milliseconds
2566 milliseconds

Cells created

- - - — -

976
105
1
12
120
39

98
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Total cells 1370

£ib (6)
Enter Expression
< 1' 1' 2' -g 5' 8>

4l

Evaluation Completed

Tk ok ok Rk R koK K kR ok Kok kok kK K Kk Rk Aok ok ok K KRRk ok Rk Rk ok ok ok ko
q Statistics
{ Systen time was 300 milliseconds
ii User time was 6350 milliseconds
:: | Module Cells created |
' f---===  mememmmmeee- |
h Jdcprinm 84 |
jcons 2174 |
|readiden 105 |
jreadint 1" |
{letrec 12 |
jejual 363 i
|subt 120 |
|sum 40 |
lnull l
jconr ]
Total cells 2921
£ib(7)
Enter Expression
< 1, 1, 2, 3, 5, 8, 13>
Zvaluaticn Completed
99
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t Statistics
;[ System time was 666 milliseconds
}" User time was 17766 milliseconds
F |Module Cells created |
p f======  mmmmmmm—eee- |
Ei jdcprim 84 |
i |cons 5748 |
|teadiden 105 l
jreadint 11 i
|letrec 12 |
|equal 1092 |
|subt 363 i
]sunm 12 {
fnull l
jconr |
Total cells 7550
fib (8)
Enter Expression
. < 1, 1, 2, 3, 5, 8, 13,
X 21D
E‘ Evaluation Completed
r Rk ok ok kR Rk R ok Kok Kok Rk ook K ok ok ok K Kok ok Kok ok ok kR Rk ok ok K
- Statistics
. Systes time was 1633 milliseconds
T‘ Jser time was 51716 milliseconds
F
- mmmmmmmmmmmemmmooeoeeeeeeoee
X iMolule Cells created |
5 [======  ememmmm——e———— |
g
P
[ 100
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jdcprinm 84 |
- lcons 16450 |
! jreadiden 105 {
: |readint 1 |
jletrec 12 |
, Jegqual 3279 |
B |subt 1092 |
) |sum 364 |
jnull 9 |
; jconr 7 i
Total cells 21413
_ fib (%)
i Enter Expression
< 1, 1, 2, 3, 5, 8, 13,
21, 34>

Evaluaticn Completed

o e e k3 sk ok ok ok ok ok ke koK ok ok ok ok o ok ke ok ek ok ok g ok ok ok ok ok ok ok ak ok sk dkodk ok ook dkodkok ok

- Statistics
Ei : Syster time was 4650 milliseconds
i User time was 154450 milliseconds
| Module Celis created |
|-=====-  mmmmme——ee——- |
8 |dcprim 84 |
jcons 48536 {
|readiden 105 | ‘
|ceadint 11 |
¢ Jletrec 12 |
lequal 9840 |
|subt 3279 |
. jsum 1093 |
] Jnull 10 |
101
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{conr 8 |

- - —————— T —————— ————————— — > ———

Total cells 62978
£ib (10)
Enter Expression
< 1, 1, 2[ EI
8, 13, 21, 34,

Evaluation Completed

55>

Fokkkkkkkkdkokokk k kkk kk kkkkkkkkkkkbkkkkkkkkkkkkkkkkkkkkkkkkk ¥

Statistics
Systern time was 13100 milliseconds
User time was 458983 milliseconds
|Module Cells created |
|l--—--- —mmmmmmm————- |
|dcprinm 84 i
lcons 144774 {
freadiden 105 |
jreadint 1 |
|letrec 12 |
jegual 29523 |
]sutt 9840 i
|sum 3280 |
{null 1 |
lconr 9 |
Total cells

kkkkkkkhhkhhhkk Rk Rk ko kkpkhkkkk kbR phkkrkkk kkk Rk kok Kk k kokobok kkk kkkokokk kkkk Xk
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ELC Proyram to generate the Filonacci Sejquence (Using a let

statement)

Source Code

<letrec reverse
<lamrda <L>
<if <<call <var null> <var 1L>>
<con <>>
<call <var conr>
<call <var reverse>
<call <var rest> <var L>>>
<call <var sub> <var L> <con 1>>>>>>
<letrec fibo
<lamkda <n>
<if <<call <var egual> <var n> <con 0>>

<con <>>
<if <<call <var equal> <var n> <con 1>>
<con <1>>

<if<<call <var egual> <var n> <con 2>>
<con <1 1>>
<let <<f> <<call <var fibo>
<call <var subt>
<var n>
<con 1>>>>
<call <var cons>
<call <var sum>
<call <var first>
<var £>>
<call <var first>
<call<var rest>
<var £f>>>>
<var £>>>>5>>5>>>
<call <var reverse>
<call <var fibo> <con 10>>>>>!

103
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Results of fibonacci generating function with ‘'let!

statepent
fib (3..10)

fib (3)
Enter Expression
< 1, 1, 2>

Evaluation Completed

Bk A ok ok ok ook ok ook ok ok dk ook ok ok dk ok okl e ek ke skl dk ok gk ok sk sk ok ook ok ok ok ok kok ok dkok ¥

Statistics

Systemr time vwas 133 milliseconds
User time was 700 milliseconds
| Module Cells created |
j-——=-—-—- mmemmmmm—oe——- |
jdcrrinm 84 |
|cons 392 }
|readiden 95 |
|readint 9 |
|letrec 12 |
jecual 6 |
|]subt 1 |
|sum 1 |
Jnull 4 |
|conr 2 |

Total cells 606
fib (4)
Enter Expression
< 1, 1, 2, >

Evaluation Completed

%ok o e e ook ok ool ko ok ok ook ok ke ok koo sk Aok ok ook ok ook ok dk ke sk ok ok ok ok 3k ok ok ol sk ok ok ok ok kok Rk %
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Syster time was

User time was

jdcprim
|cons
jreadiden
jreadint
|letrec
|equal
|subt
[sum
jnull

{conr

Total cells

£ib (%)

Znter Zxpression
< 1, 1,

AR Ao il e At Aad Shath Sl Shatth Jiadh Bt " B A ‘S AN ASEA I Sl A A A O

Statistics
183 milliseconds

783 milliseconds

2,

()
-

;]

v

Evaluation Completed

% 3 e e ok ok ok ok ok ok ook ok ok sk ok ok Sk ok ok ok ek dk ok sk ook e ok 3k koK koo ok ok ok ko e ok ko ok ok ok %

Systenx time was
User time was

. ——— -

|cons

jreadiden

Statistics
166 milliseconds
866 milliseconds

- — v —————— — ———— — — ——
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Ireadint 9 ]

J]letrec 12 |

fequal 12 |

jsukt 3 {

jsum 3 ]

jnull 6 |

jconr 4 |
Total cells 690

£ib (6)

Znter Expression

< 1, 1, 2, 3 5, 8>

Evaluation Completed

B e e e ke e e ko ok ko gk fedk ok ok 3k ok ke e ok ko ke ook sk bk ke k3 ook ook ok ook e ok ok ok ok ok ook ok Xk

Statistics
Syster time was 133 milliseconds
User time was 1066 milliseconds
| Module Cells created |
|======  —ommsmeme————- i
{dcprim 84 ]
jcons 497 |
jreadiden 95 |
iceadint 9 i
|letrec 12 ]
tegual 15 |
|subt 4 | 1
jsunm 4 | ]
lnull 7 | f
jconr ) |
Total cells 732 1
106 i
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fib (7)

Enter ExXxpression
1, 2, 2, 5, 8, 13>

< 1,

Evaluation Completed

3 o ok o ok koo ok sk gk ool ol ok ok ok kol ke s ok o ok ook e e koA ok koo ook R kol Kok ok ok ok ok &

Syster time was 183 milliseconds

User time was

| Module Cells created |
l------ == sssmssssses |
jdcprim 84 |
|cons 532 |
jreadiden 95 |
|readint 9 |
|letrec 12 |
Jegual 18 |
jsubt 5 |
l]sum 5 |
jnull 8 |
|conr 6 |
Totali celils 774

£ib(8)
Enter Expression

1, 1, 2, 3, 5, 8, 13,

1>

Zvalus ion Completed

dekokok ok .tk ok Aok ok ok dk ko ok ok g ko ok ke ok ook A ook e ok ok ok ke %k ok ek ok ok ok sk kool ok ok Xk

Jysten time was 183 milliseconds

Jser time was

i - ° . ) - - N - . .t . - . -".
WCDN AT A YR YRR T W SRR GOy I OPY IS PTG Y T T . TS DY P, ¢ p.l-"-'-'---r_AL.r."__Ai
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Statistics

1100 milliseconds

Statistics

1216 milliseconds
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Lesults of restricticn {interpreted)
Znter Expression

<< 6, 5>

., < 3, 9>

>

Evaluation Completed

% & d o i % ok o o de kool dk 3 ok dok e ok ok ko ko ok ke ek ke bk ok kR ok R Rk Rk ko ok ok ok kR kK k kk ok

Statistics

Syster time was

User time was

|Module Cells created |
f--——=—  mmmmmmooe—oe- i
{dcprinm 34 [
jcons 837 ]
jreadiden 220 |
jreadint 8 ]
l|letrec 24 |
Jeval i ]
legual 12 |
jnull 29 l
{len 3 |

Total cells 1213

Profiie Ior restriction proqgrarn
S5erkele; Fascal PXP -- Version 2.12
sed Dec 12 12:48 1384 testll.p

121

516 milliseconds
17966 mil liseconis

(5/11,/83)




<cail <var first>
<var T>>>>
<call <var rest> <var T>>
<call <var cons>
<call <var first> <var T>>
<call <var restric>
<call <var rest> <var I>>
<var x>>>
<con Tnotffunc>>>>>>>
<call <var restric>
<call <var repr> <finset <3 4> <6 5> <8 3I>> >
<con 3> >>>>>>>1

Results of restriction functior (Compiled)

Znter Expression

<< €, 5>
, < 8, 9>
>

Zvaluaticn Completed

e o e o o ol e sk ook e o ok ok ook ok ook ok ok e ko ok ok ok ok ok ool o ok kool ok ok o ok ok ok ok ok ok

Statistics

Systead time was 216 milliseconds
Jser time was 1966 milliseconds
[Module Cells created |
f====== mmmmsesea———- |
|dcprin 34 |
jcons 837 |
jreadiden 220 |
jreadirnt 8 |
|letrec 24 |
|eval 1 |
jejual 12 |
joull 29 |
120
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<con true>
<if <<call <var egual>

<call <var len>
<call <var first> <var T>>>
{con 2>>

<if <<call <var egual>

<call <var nember>
<call <var first>
<call <var firstlist>
<var I>>>
<call <var rest>
<call <var firstlist>
<var T>>>>

<con true>>
<con false>
<call <var isfirfunc>
<call <var rest>
<var T>>>>>
<con falsed>>>>>>

<let <<repr> <<lambda <T>

<if <<call <var egual>

<call <var first> <var T>>

<con finset>>
<call <var rest> <var T>>
<con nofinfnc>>>>>

<letrec restric
<lambda <T k>

<if <<call <var equal>
<call <var isfinfunc> <var I>>
<con true>>
<if <<call <var null> <var I>>
<con <>>
<if <<call <var eyual>
<var k>
<cail <var first>

119
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Restriction

Purpose

Restriction takes a finite function, 7, (table of attri-
Lute value pairs), and returns a finite function exactly
1ike T except that cne of the fairs has been removed. If
the pair to be deleted is not a2 member of the finite func-

tion then T is returned (this is tolerant evaluation).

n Restriction could be used to delete

<letrec merber
<lamida <x L>
<if <<call <var null> <var 1L>>
<con false>
<if <<call <var egqual>
{var x>
<call <wvar first> <var L>>>
<con true>
<call <var memler>
<var x>
<call <var rest> <var L>>>>>>>>
<letrec firstlist
<lamtda <L>
<if <<call <var null> <var 1L>>
<con <>>
<call <var cons>
<call <var first>
<call <var first> <var L>>>
<call <var firstlist>
<call <var rest> <var L>>>>>>>
<letrec isfinfunc
<lamtia <7>
<if <<call <var null> <var T>>

118
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880
881
882
884
947
1012
1041
1093
1198
1239
1261

PRI GRS IR Wi ST U WY P

606
<02

761

51
€06
151
202
28

117

evlis
apply
letrec
eval
letrec
evcon
evlis
applyprim
apply
dcprin

readfnanme
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Isum 50 |

Total cells 1192

Profile for interval function m, n 1-50
Berkeley Pascal PXP -- Version 2.12 (5/11/83)
wed Dec 12 12:48 1984 testll.g

Profiled Thu Dec 13 13:54 1984

Iine Count
1 1 func
33 51 printval
36 1136 cellcount
63 5487 nullp
84 11733 first
9y 6357 rest
122 S63 cons
158 50 sum
330 51 GTp
340 51 G1I
539 761 atomp
547 5437 nulip
599 usy assoc
643 153 pairlis
663 51 printval
702 63 readval
704 88 nonblank
714 25 readlist
770 3 readint
827 151 digit
835 189 letter
842 35 readident
867 63 readval
879 51 evcon

116
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Evaluation Completed

Mok kk ok Rk ko Rk ko Rk Rk Aok Rk okk kAR Bk Rk kR kokok ok ok koK R Rk Rk kX

Statistics
Syster time wvas 266 milliseconds

User time Jas 1716 milliseconds

| Module Cells created |
|~ mmmemmmmee—e- |
jdcprinm ay |
|cons 963 i
Jreadiden 35 |
|readint 3 |
| letrec 6 |
{GT 51 |
|sunm 50 |
Total cells 1152

Results of interval (interpreted)

% % ok o ok ok ok o ok ok sl ok ek ok ok ko ok ok ok ok ok gk ok e sk ok ok ok ko ok o 3 Xk ok ko koo ek ok ok ok kK ok

—

Statistics
Syster time was 616 nilliseconds

) User tipme was 19966 milliseconds
'

F_ {Module Cells created |

- |====>==-  =o-===o=s=s---- i

b

3 Jdcprim 84 i

‘. lcons 963 |

. ireadiden 35 |

[ jreadint 3 |

}

C lletrec 6 |

g |GT 51 |

| ]
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Icterval Generating Function

Generates a seqguence of natural numbers from m to n,

where m,n are two natural numbers and m < n.

Interval is very useful when generating tatles of infor-
mation. In the next example interval is used to generate a
table of trigonometric values for ail angles Letween 0 and

30 legrees.

Source Code

eSS Sm—a

<letrec inferval
<lamkda <m n>
<if <<call <var GT> <var > <var n>>
<con <>>
<call <var cons>
<var m>
<calli <var interval>
<call <var sum>
<var m> <con 1>>
<var n>> >>>>
<call <var interval> <con 1> <con 50>>>!

Results of interval gyeneratior program (m = 1, n = 50,

Compiled)

Enter Expression

< 1, 2, 3, 4, S 6, 7,

8, 9, 10, 11, 12, 13, 14,

15, 16 17, 18, 19, 20, 21,
22, 23, 24 2%, 26, 27, 28,
29, 30, 31, 32 33, 34, 35,
3¢, 37, 38, 36, 49 u1, 42,
43, 4y, 45, 4€, 47, 48, 49,

50>

114
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539
547
564
599
643
663
702
704
714
770
827
835
843
867
879
880
881
882
884
947
1012
1041
1093
11398
1239
1261

466
3862
11
226
56
11
180
256
76

410
514

95
180

38
375
136

466

38
375
116
136
28

L W S W S S

atomp
nullp
null
assoc
pairlis
printval
readval
nonblank
readlist
readirnt
digit
letter
readident
readval
evcon
evlis
apply
letrec
eval
letrec
evcon
evlis
applyprim
apply
dcprinm

readfname




Use: ime

fib (=,

Input n:
1
8

Systen time

User time

fib (10)
Input rn:

1

8
Systerm time

User time

0 millisec

2
13 21
33 millisec

0 millisec

1 2
13 21
33 millisec

0 millisec

T T T W YW W - W B S w- - wt v

profile for ELC fibonacci sequence generating functions
Berkeley Pascal PXP -- Version 2.12 (5/11/83)

ded Dec 12 12:48 1984

Profiled Thu Dec 13 09:41 1984

Line

1
33
36
62
63
84
9y

122
137
158
183
258
273
291

Ccunt

1

11
844
27
3862
8188
4372
637
10

10
27
27

112

testl1l.

func

prin
cell
€gua
rull
firs
rest
cons
conr
sum

subt
sub

ejua

ejua

tval
count
1

P
t

1p
1




fib (3
Input n:

1
Systenr time

User time

£ib (4)
Input n:

1
Syster tinme

User tinme

fib (5)
Input mn:

1
Syster time

User time

£ib (6)
Input n:

1

8
Systenr time

User time

£ib(7)

input n:
1
8

Systes time
User time

fib (8)

Input n:
1
8

Syster time

33

50

33

3

3

(@9 ]
w

3

3

2
millisec

millisec

2
millisec

millisec

2
millisec

millisec

millisec

millisec

millisec
millisec

2
21

millisec
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Pascal Source Code for Fibonacc¢i Sejuence Generator

program fib(input, output) ;
const max =100

type seg = 1..max of integer;

var filksey: seg;

n,c: integer;

procedure fib(n,i:integer);
begin
if 1 <= n then tkegin
if (1 = 1) or (i = 2) then begin
fibseqg (. i.) := 1;
fib(n,i + 1);
end
else if i >= 3 then begin
fibseq(.i.) := fibsegq(.i-1.) + fibsej(.i-2.);
fib(n,i + 1);
end
enli;

end; {procedure fib}

begin
writeln('Input n: ');
read (n);
fik(n,1) ;
for ¢ := 1 to max do begir
if fibseg(.c.) <> 0 then
write (fitseq(.c.)) ;
end;
writeln;
writeln('Systen time',sysclock:10,' millisec');
writeln(*User time ',clock:10,' millisec');
end. {Program fib}

Fesults of fibonaccl sequence generator in Pascal
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Total cells

fib (10

Enter Expression

< 1, 1,
8, 13,

Evaluation Compl

& 3%k %k 3k % gk ok ok ok ok ok ok ok ok

Syster time was
User tige was

|cons
|readiden
jreadint
|letrec
jequal
|subt
|sum
fnull
jconr

Total cells

24 |
7 i
I
10 I
|
858
2, 3, 5,
21, 34, 55>

eted

e 3k o o o vk o o ok ok ok ko ok 3k ok e s ok o ok sk e vk ok ok ok K ok ok ok ok Xk ek %k

Statistics
166 milliseconds
1466 milliseconds

Cells created |
- ————— . —— ——— I
84 |

637 I

95 ]

9 |

12 I

|

i

|

i

|

-
s

8
8
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: |dcprim

: jcomns

h |readiden
R jreadint
;"_ |letrec
- legyual
‘ jsukbt

3 |sum
lnull
iconr

Total cells

£ib (9)

Enter Expression

< 1, 1,
21, 34>

Zvaluation Compl

Syster time was

User tlime was

|dcpriam
jcons
|readiden
|]ceadint

fletrec

. L aam lala

P——

AR A e 2had e il Sl udh Siadh Sl Badi Wl St A
e n A RalRS i Rl -
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2,

{a)
-

wn
-»

eted

Statistics
200 milliseconds
1300 milliseconds

- ———

602
95

12

103
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Profiled Thu Dec 13 14:50 1984

line Count
1 1 func
33 7 printval
36 1162 cellcount
62 12 ecual
{ 63 4184 nallp
4 84 8859 first
! 94 4699 rest
1! 122 £37 cons
: 273 12 equalp
{ 291 12 equal
ﬁ 539 44 1 atomp
;. 547 4184 nullp
; 564 29 null
576 9 leng
- 587 3 ler
599 228 assoc
E: 643 69 pairlis
. 663 7 printval
B 702 387 readval
704 46 nonblank
714 159 readlist
770 8 readint
327 1011 digit
835 1239 letter
843 220 readident
879 41 evcon
880 325 evlis
£81 15 apply
3872 4 letrec
534 4u1 eval
PRI 4 letrec
1012 41 evcon
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1041
1093
1198
1239
1261

LR S, W L

325
115
s

28
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evlis
applyprin
apply
dcprim

readframe




Vectorproduct returns the pairwise products of two lists
of numbers.

This function could be used to calculate the state tax
owed by military employees, =since different states have
different rates of taxation. Cne vector would be the list

f salaries and the other the rates of taxation.

Source Code

<letrec map
<lamkda <£>
<lambda <L>
<if <<call <var null> <var L>>

<con <>>

<call <var cons>
<call <var f£> <call <var firstd><var L>>>
<call <cail <var map> <var £>>

<call <var rest> <var L>>>>>>>>

<letrec prodlist
<lambda <L>
<if <<call <var null> <var L>>
<con ™
<call <var prod>
<call <var sub> <var L> <con 1>>
<call <var prodlist>
<call <var rest> <var L>>>>>>>
<letrec pairlist
<lamkda <L 4>
<if <<call <var egual>
<cail <var 1len> <var L>>
<call <var 1len> <var M>>>
<if <<call <var null> <var L>>

124
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<if <<call <var null> <var M¥>>
<con <>>
<con <>>>>
<call <var cons>
<call <var cons>
<call <var first> <var L>>
<call <var cons>
<call <var first> <var M>>
<con <>> >>
<call <var pairlist>
{call <var rest> <var L>>
<call <var rest> <var M>>>>>>
<con errorgl> >>>
<call
<call <var map> <var prodlist>>
<call <var pairlist>
<list <con 5> <con & <Kcon 4> <con 9>>
<list <ccn 2> <con 20> <con 7> <con 3>>>>>>>1!

Results of vectorprcd function (Compiled)

Enter Expression
< 10, 160, 28, 27

Evaluaticn Completed

4 o o o o ok ok % ok e ook ok dk kool ok ok K ok ook ok ook ok dok sk dk ok ok e ok ok ok sk ok ko ook ko ok ok i ok ok %ok X

Statistics
System time was 216 milliseconids

User time was 1583 milliseconds

|Module Cells created |
|-===-- soemmmmmmme— |
Jdcprin 84 ]
Jcons 720 |
|Jreadiden 150 1
{readint 10 i
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|letrec 18

|

{len 10 i

jegqual 5 |

jnull 23 {

leval 5 |

| prod 8 |
Total ceils 1033

Results of vectorproduct function (Interpreted)

Snter Expression
< 190, 160, 28, 2D

Evaluation Completed

| @ ok o ok ok ko ok ok o ok ok ok ok ok ok koo ok ok ok ok ook ok sk ok ool ok ok ol ook o ko ok ok K
| Statistics
L Systen time was 483 milliseconds
1. User time was 15066 milliseconds
|Module Cells created |

‘.! .
[oTE |
a
v
L2 T
e |
8 |
|
|
|
|
|
1
|
|
@
& |
|
|
\

|
! |cons 720 |
E |readiden 150 |
4 |readint 10 |
o |letrec 18 |
i leval 5 |
E | flen 10 |
jegqual 5 |
[ jnuil 23 |
f | prod 8 ]
; Total ceils 1033
L@
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Profile for vectorprcduct function
Berkeley Pascal PXP -- Version 2.12 (5/11/83)
Wed Dec 12 12:48 1984 testil.p
Profiled Thu Dec 13 15:09 1984
line Count
1 1 func
33 5 printval
36 S$77 cellcount
62 5 equal
63 3579 nullp
84 7535 first
94 u038 rest
122 720 cons
208 8 prod
258 8 sub
273 5 eyualp
291 5 egual
539 395 atomp
S5u7 3579 nullp
564 23 null
576 30 lenp
587 10 len
599 202 assoc
643 59 pairlis
663 5 printval
702 272 readval
704 384 nonblank
74 112 readlist
770 10 readint
327 €59 digit
835 819 letter
843 1590 - readident
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867
879
880
881
882
884
947
1012
1041
1093
11938
1239
1261
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272

28
310
129

{a)
(Vo)
w unn w

28
310
102
129

28
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readval
evcon
evlis
apply
letrec
eval
letrec
evcon
evlis
applypria
apply
dcprim

readfname
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Filter Function

Filter allows the user to extract information from a
list rased on a Boolean condition. In the example given,

all numbers jreater than 2000 are extracted from the list.

Practical Application

Filter is another function that could be useful when
dealing with databases. Users of relational database
systems use filtering every time they write a Juery.
Imagine that the elements of the example are salaries. The
query demonstrated is to find all salaries greater than
2000.

Source code
<letrec fil
<lamkda <bool arg>
I<1ambda <L>
<if <<call <var null> <var L>>
<con <>>
<if <<call <var bcol>
<call <var sub> <var L>
<con 1>
<{var arg>>
<call <var ccns>
<call <var sub> <var L> <con 1>
<call <call <var fil>
<var bool>
{var arg»>>
<call <var rest> <var L>>>>
<call <call <var fil>
<var bool>
<var ary>>
<call <var rest> <var L>>>>>>>>>
<call

1465
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<call <var £fil> <var GE> <ccn 2000>>
<list <com 1000> <ccn 12000> <con 2005> <con 3400>
<con 3305> <con 134> <comn 2001> <con 3500>
<con 2209> <ccn 1999>>>>!

Results of filter function(Interpreted)
Enter Expression
< 12000, 2095, 3400, 330¢%, 2001, 3500, 2209

Evaiuvation Completed

%3 e 3k ok ak ok g deok ok ok ok ook ok ok s ok ok oo sk o e sk ik ko ok ok ok ke ok ok sk ks ak ol ok ok ok ko ok o ok ok ko ok

Statistics
Systen time wa-~ 416 milliseconds
User time was 9083 milliseconds
jModule Cells created |
| ====== S it
Jdcprim 34 |
jcons 562 {
{readiden 79 |
Jreadint 13 |
|letrec 6 |
leval 1 |
fnull 11 |
IGZ 10 ]
Total cells 776

Result cf filter function (Comfpiled)
EZnter Expression
< 12000, 2095, 3400, 330¢, 2001, 3500, 2209

Zvaluaticn Conmpleted

%3 k% ok ok ok Kok ok ok ook koo ok gk ok e o ek ok dkok koo dkok ok ok kR ok ok ko ok ok kok ok ok k

130




hafiiad B Pl - Nt~ il afAC e > it~ ot —nthd i _athal auli MDA WY W W W W W WL W W Wy T LY ry ﬁ

Statistics
Systes time was 216 milliseconds
Jser time was 816 milliseconds
| Module Cells created |
|=-==-—- o= mm—m=o=e-—= |
Jdcprim 84 |
jcons 562 |
jreadiden 79 |
|readint 13 |
|letrec 6 i
jeval 11 |
{null 11 ]
IGZ 10 |
Total celis 776

Profile for the filtering function

Berkele; Pascal PXP -- Version 2.12 (5/11/83)
ded Dec 12 12:48 1984 testll.g

Profiled Thu Dec 13 13:40 1934

line Ccunt
1 1 func
33 8 Frintval
36 720 cellcount
63 1838 nullp
84 4010 first
94 2185 rest
122 562 cons
258 17 sub
357 10 GEp
367 10 GE
533 275 atomp




547
564
599
643
663
702
704
714
770
827
835
843
867
879
880
381
882
884
947
1012
1041
1093
1198
1239
1261
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1838
1
135
55

151
210
59
13
332
424
79
151
21
210
77

275

21
210
55
17
28
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nullp
null
assoc
pairlis
printval
readval
nonklank
readlist
readint
digit
letter
readident
readval
evcon
evlis
apply
letrec
eval
letrec
evcon
evlis
applyprinm
apply
decprim
readfnaame
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Purpose
This program simply illustrates the

abiiity to generate a recursive seguence.

Source Cede
<letrec reverse
<lamcda <i>
<if <<call <var null> <var L>>
<con <>>
<call <var conr>

<call <var reverse>

interpreter's

<call <var rest> <var L>>>
<call <var sub> <var L> <con 1>>>>>>

<letrec fibo
<lamktda <n>

<1if <<call <var egual> <var n> <con 1>>

<con <2>>

<if<<call <var equal> <var n> <con 2>>

<ccn <9 2>>

<let <<Kf> <<call <var £ibo>

<call <var subt>
<var n>
<con 1>>>>

<call <var cons>

<call <var suot>
<call <var first>

<var I>>

<call <var first>

<call <var rest>

<var £>>>>

<var £2>>>>>>>>

<call <var reverse>

<call <var fibo> <con 24>>>>>1
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fesults of generating the first 24 elements of a periodic
sequence, where x1 = 2, x2 = 9, and xk = (xk-1)-(xk-2)
for k =3, 4, 5, ...

Enter Expression

< 2, 9, 7, -2, -9, -7,
2, 9, 7, -2, -9, -7,
2, 9, 74 =2, -3, =7,
2, 9, 7, -2, -9, -7>

Evaluation Completed

e ok e i o ok dk ke ol ok ook ok ke ok ke ok okl Kok ko ok ko ok ok kR ok Rk k kR ok k& dkok Kk k ok ko k ok Xk

Statistics

Systenm time was 283 milliseconds
Jser time was 2916 nilliseconds
|4odule Cells created |
|-——=-=-  ToTmssomossees |
|dcprim B84 }
|cons 1064 |
Jreadiden 87 |
jreadint 8 |
|letrec 12 |
Jegqual 46 |
|sutt 4y |
jnull 25 |
|conr 23 {
Total cells 1393

profiie of seg2 (periodic £function)

3erkeley Pascal PXP -- Version 2.12 (5/11/83)
#ed Dec 12 12:48 1984 testll.f

Proiiied Thu Dec 13 13:10 15384
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Line

33

36

62

65

34

9y
122
137
183
258
273
291
539
547
564
563
643
663
702
704
714
779
827
835
843
867
3793
880
881
8382
864
Su7

Count

21
1181
38
TE€52
16163
€626
932
20
36
20
38
38
6§81
7652
21
438
116
21
163
231
68

379
474

87
163
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printval
celicount
egual
nullp
first
rest
COLS
conr
subt

sub
equalp
egual
atomp
nullp
null
assoc
pairlis
printval
readval
nonklank
readlist
readint
digit
letter
readident
readval
evcon
evlis
apply
letrec
eval

letrec
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44, J.694658, 0.719340, 0.965683>
45, 0.707107, 0.707107, 1.000200>
46, 0.719340, 0.694058, 1.035530>
47, 0.731354, 0.6813898, 1.072369>
48, 0.743145, 0.0669131, 1.110613>
46, 0.754710, 0.656059, 1.150368>
50, 0.766044, 0.642788, 1.191754>
€1, 0.777146, 0.629320, 1.2343S7>
52, 0.788011, 0.615661, 1.279942>
£3, 0.798636, 0.601815, 1.327045>
54, 0.80%017, 0.587735, 1.376332>
£S5, 0.819152, 0.573576, 1.428148>
56, 0.829038, 0.559193, 1.482561>
7, 0.8338671, 0.544639, 1.539865>
58, 0.848048, 0.529919, 1.600335>
59, 0.857167, 0.515038, 1.664273>
0.866025, 0.500000, 1.732051>
€1, 0.874620, 0.484810, 1.8040u48>
62, 0.832948, 0.465472, 1.880726>
€3, 0.85%1007, 0.453990, 1.362611>
64, 0.8986794, 0.438371, 2.050304>
65, 0.906308, 0.422618, 2.144507>
66, 0.913545, 0.406737, 2.2460337>
67, 0.920505, 2.350731, 2.355352>
€3, 0.927184, 0.374607, 2.475387>
69, J.933580, 0.358368, 2.635033>
70, 39.939693, 0.342020, Z2.747477>
71, 0.945513, 0.325568, 2.904211>
72, 0.951057, 0.309017, 3.97768u>
73, 0.956305, 0.292372, 3.270853>
4, 0.%961262, 0.275637, 3.487314d>
75, N2.96532Z6, J.2588319, 3.732051>
To, 3.573296, 0.241922, 4.01973 1>
77, 7.974370, 0.22d4951, 4.331476>
78, 0.978%148, 0.227312, 4.704030>

-
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10,
11,
12,
13,
14,
15,
16,
17,
18,

0.156434, 1.937688,
0.173648, 0.934808,
0.190809, 0.981627,
0.207912, 0.978148,
0.224951, 0.974370,
0.241922, 0.970296,
0.258813, 0.965926,
0.275637, 0.961262,
0.292372, 0.956305,
0.309017, 0.951057,
0.325568, 0.945519,
0.342020, 0.939693,
0.358368, 0.933580,
0.374607, 0.927184,
0.390731, 0.320505,
3.406737, 0.913545,
0.422618, 0.906308,
J.438371, 0.598794,
0.453990, 0.891007,
0.465872, 0.882948,
0.484810, 0.874620,
0.507000, 3.866025,
0.515038, 0.357167,
0.529919, J.848048,
0.544639, 0.838671,
5.559133, 0.829038,
7.573576, 13.819152,
©.£87785, 0.309017,
0.631815, 2.798630,
9. 61 , 0.738011,

, 0.777 140,
J.642763, 1.766044,
0.650059, 0.754710,
7.6A%131, J.7u3145,
0.631998, 0.7131354,

€
2

(9]}
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3.158334>
J.1706327>
0.194380>
0.212557>
0.230868>
0.249328>
0.267349>
0.286745>
0.305731>
0.324920>
0.344328>
J.363970>
0.383864>
0.4048026>
J.424475>
D.445229>
0.466338>
0.487733>
0.509525>
0.5317039>
J.554309>
D.577350>
0.0008061>
0.624869>
0.0493408>
J.674509>
J.700203>
N.726543>
0.753554>
3.7812386>
0.30973u>
7.33%51200>
0.369287>
D.30240u>
0.332515>
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<var x>>
<call
<call <var pam>
<call <var rest><var F>>>
<var x>>>>>>>

<letrec interval
<lamkda <m n>
<if <<call <var GT> <var m> <var n>>
<con <>>
<call <var cons>
<var m>
<call <var interval>
<call <var sum>
<var m>
<con 1>>
<var n>> >>>>
<call
<call <var map>
<call <var pam> <list <var id> <var sin>
<var ccs> <var tan>>>>
<call <var interval> <con 0> <con 90>>>>>>!

Results of mapping the pam function across a list to
generate the table of trijonometric values for arnjles 0 - 99

degrees.

Enter Exgression

<< N, 0.230330, 1.02C000, C.020200>
e 0.017452, 0.999848, 0.317455>
0.034899, J.399331, 0.034921>
0.052336, 0.998630, 0.052408>
4, 0.369756, C.997564, 0.069927>
S, J.087156, 2.$96195, 0.387489>
€, 0.104528, 0.994522, 0.105104>
7, 2.1218695, 0.99z546, 0.122785>
8, ©.139173, 0.950208, 0. 140541>

’

-

1
2
3

-

-~
AN AN AN AN AN N AN
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Trig Taktie G

enerating Progranm

Generates a table of trigyoncmetric values for all anjies

in the interval O to 90 degrees.

Discussion

This f[program demcnstrates the value of the interval
functicn combined with the ma; functional. The reverse of
the map functional, (pam), is also used. Map takes one
function and appiies it to all the elements of a list, where
ram takes a list of functions and applies each one to the
same arjumernrt. It 1is clear that mapping the pam function
across tke 1interval 0 to 90 fproduces the desired results.
This program also illustrates the value of the *'id' primi-
tive which allows the first element of each of the sublists

i the result to be the angle.

Source cCgde

<letrec map
<lambda <&>
<iamtda <L>
<if <<call <var null> <var L>>
<con <>>
<call <var cons>
<call <var £> <call <var first><var 1i>>>
<call <cail <var map> <var £>>
<call <var rest> <var L>>>>>>>>
<letrec pan
<lamtda <P>
<lambda <x>
<1f <<call <var null> <var F>>
<con <>>
<call <var cons>
<call

<calil <wvar rfirst> <var >
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347 1 letrec
1012 6 evcon
1041 169 evlis
1083 45 applyprim
1156 52 apply
1239 28 dcprim
1261 1 readframe
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Profiled Thu

- line
¢
1
33

2z

30

§ 62
63

84

| 94
¢ 122
183

233

273

‘ 291
539

547

576

[} 587
599
643
663
702
704
714
770
¥ 827
835

843

867

¢ 877
880

£31

CEP.

c &84

al

Dec 13 15:03 1934

Count

1
13
€14

1656
3439
1861

472

183
1656
11

86
32
13
156
218

183

144

printval
cellcount
equal
nullp
first
rest
cons
subt
divi
eyualp
egual
atomp
nullp
lenp

len
assoc
pairlis
priatval
readval
nonblank
readlist
readint
1igit
letter
readident
readval
evcon
evliis
apply
letrec

eval
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<var 1>>>>
<call <var split> <list a b c de £ i o e t>>>>>!

Results of using the split function to divide a 10 elemert
list

Enter Expression

<La, b, ¢c, 4, e

. <, i, o, e, t>

>

Evaluation Completed

33 e A ok e e ookl kol gk 3k ke ko ok ok koo ok ok ok ok b ok ol ok ok ok e gk ook i ok ok ok ok ok koK ok ok %

Statistics

Syster time was 166 milliseconds
User time was 833 milliseconds
| Module Cells created |
l--=----  mmmmemm—ee——- l
{dcprim 84 {
fcons 472 |
Ireadiden 91 {
|readint |
|letrec 6 |
jeval 1 |
ilen 1 ]
jdivi 1 |
leyual 6 |
Isutt 5 |
Total cells 670

Profile of split (ten element 1list)
Jerkeley Pascal PXP -- Version 2.12 (5/11/83)
Wwed Dec 12 12:48 1984 testll.g
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Split Furction

Purpose

Split takes a list and divides it into two egual size
lists.

Practical Arplication

The split function illustrates how functional languages
lend themselves to parallel comfputer operations. If quick-
sort was implemented using split then once the list was
initially separated into two 1lists, two processors could

work cn thLose two lists, etc..

Source Code
<letrec splitaux
<lamktda <k 1>
<if <<call <var equal> <var k> <con 0>>
<call <var cons>

<con <>>

<let

<call <var
<var

<con

cons>
L>
<O

<let <<r> <<call <var splitaux>
<call <var subt> <var k> <con 1>

<call <var rest> <var L>>>>
<call <var cons>
<call <var cons>
<cail <var first> <var 1>>
<call <var first> <var r>>>
<call <var rest> <var r>>>>>>>>
<<split>
<<lamtida <1>
<cail <var srlitaux>
<call <var divi>
<call <var len> <var L>>
<con 2>>
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122 907 cons f

273 17 equaly ;

291 13 equal §

539 711 atomp K

547 6758 nullp ]

584 U6 null i

576 18 lenp 4

587 6 len ?

599 371 assoc

643 96 pairlis ]
, 663 13 printval f
' 702 301 readval .

704 423 nonblank ;
* 714 122 readlist -
‘ 770 9 readint }

827 794 digit

835 973 letter

843 170 readident !

867 301 readval ;

879 65 evcon i

880 32 evlis p

881 241 apply 3

882 3 letrec

884 711 eval

qu7 3 letrec

1012 65 evcon

1041 £32 evlis

1061 10 menbp

1071 6 meab ]

1083 1 isfinset "

1093 195 applyprim j

11938 241 apply f

1233 28 dcprinm .

1261 1 readfnane 2

11

.
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Evaluaticn Conmpleted

sk ko ok ko ok ko ok ki ok ok ok ook ok o ok ok e e o ok ko ok ko o kR ok Ak k dkokodk ok ok ok de ke ok Kk

Syster time was

User tire was

- - —— i ——— e "

jcons
|readiden
jreadint
|Letrec
jnull
|len
jequal

jmemk

Total cells

Statistics

633 milliseconds
24433 milliseconds

- —— —— — " ——

907
170

rrofile Zor overlay frogran

Berkel

ved Dec 12 12:48 1984

profiled Thu Dec 13

iine

1
33
36
62
63
R4
94

Count

13
1203
13

F = e
[ 2 BN o0 TR |
Ve BNE1]
[S2 0 e o)

-~
(64}
[ea)
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?ascal PXP -- Version 2.12
testil.
14:05 1934

(5/11/83)

func

pfintval
cellcount
ejual
nu.ip
first

rest
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<< 3, 4>
. < 6, 5>
. < 8, 9>
e < 7, 2>
>

Evaluaticn Completed

ek kR okkkkkdkk ok kkokak kb kkdkokok k ki k pkkkokkkkkdkkk kkkkkkkkkkkk kk*k

Statistics

Syster time was 183 millisecornds
User time was 2333 milliseconds
| Module Cells created |
|-~ T mmmsses-e- |
{dcprim 84 |
jcons 307 |
|readiden 170 i
jreadint 9 |
]letrec 18 ]
jnull 46 ]
|len 6 |
|equal 13 |
jmemb 6 i
Total cells 1259

Fesults of overlay (Interpreted)

Enter Expression

<< 3, 4>

, < €, 5>
. < 3, 9>
¢ < 7, 2>
>
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<letrec overliay
<lambda <7 gr>
<if <<call <var equal>

<call <var
<call

<list

results of

to the tabie.

zbter

<if <<call <var null> <var

<con

IXxpression

<call <var isfirnfunc>

<call <var rest>
<var T>>>>>
<con false>

2O2>>

<call <var isfinfunc> <var T>>
<con true>>
I>>
<call <var cons> <var pr> <con <>>>
<if <<call <var eqgual>
<call <var first> <var pr>>
<call <var first>

<call <var first>

<var T>>>>

<call <var overlay>

<call <var rest> <var T>>
<var pr»>>

<call <var cons>

first> <var T>>

overlay>

<cali <var
<call <var
<call <var rest> <var T>>
<var pr>>>
255>
Tnotffunc>
>>>
overlay>
<var repr> <finset < > <6 3> <8 9>>>

7 2> >>>>!

overlay function adldinj the value <3 4>

(Compiled)
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Overlay takes a finite function, (table), and returns an

identical table with an additioral pair added.

Overlay could be used as a wa; to update a database.

Source Code

<letrec Zfirstlist
<lamktda <L>
<if <<call <var nulli> <var L>>

<con <>>
<call <var cons>

<call <var £first>

<call <var first> <var L>>>
<call <var firstlist>
<call <var rest>
<var L2>>>>>>>
<letrec isfinfunc
<lamkda <I>
<if <<call <var null> <var T>>
<con true>
<if <<call <var equal>
<call <var len>
<call <var first> <var 7T>>>
{con 2>>
<if <<call <var menb>
<call <var first>
<call <var firstlist>
<var o>>>
<call <var rest>
<cail <var firstlist>
<var T>>>>

<con false>
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C‘
t;
ff“ 1012 59 evcon

e 1041 738 evlis
:tﬁ 1093 227 applyprinm
) 1198 267 apply
‘ 1239 28 deprim
' 1261 1 readfname
.
K

®
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79,
80,
81,
82,
83,
84,
85,
86,
87,
88,
89,
90,

-
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Evaluation

o o ok o 3 sk o ok ok ok ok e i o Skl e gk 3 ok ok Sk ki ke ok koo e ok ok e s e sk ok e ke dk ok ok ok e ek ok kk ok

0.981627,
0.984808,
0.987688,
0.950268,
0.992546,
0.994522,
0.996195,
0.997564,
0.998630,
0.999391,
0.9998u48,
1. 000000,

Completed

Systen time was

User time was

0.190803,
0.173648,
0.156434,
0.139173,
0.121869,
0.104523,
0.087156,
0.069756,
0.052336,
0.034899,
0.017452,

tundef?,

5.144554>
5.671282>
6.313752>
7.115370>
3.1443406>
9.514364>
11.430052>
14.300666>
19.081137>
28.636253>
57.289962>
'undef'>

Statistics

4450 miiliseconds

292650 milliseconis

}dcprim
jcons
jreadiden
Jreadint
|letrec
teval
}GT

|suam
jnull
i{sing
jcost

tanr

- -

10305
121

18
457
92
EA
547
91
91
ER

150




Total cells 11991

Results of trig table generator (Compiied)

Evaluaticn Completed
ok ok s ok ol ot okl ok o ko ok ok ok ok ok ok K ok ok K OOK R KRRk ok ok kokok ok Rokokok ok %
Statistics

1216 milliseconds
24100 milliseconds

Systen time was

User time was

|Module Cells created |
| ====== ittt bt
jdcprim 84 |
Jcons 10305 i
jreadiden 121 |
|readint 3 |
|letrec 18 (
1GT 92 i
jsum 91 |
jeval 457 |
joull 547 {
|tanr 91 ]
|cost 91 |
Ising 91 ]
Total ceils 11991

Profile for trigtable generatirg function
Berkeley Pascal PXP -- Version 2.12 (5/11/83)
Wwed Cec 12 12:48 1984 testll.g

Profiled Thu Dec 13 09:36 1984

line Count
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1 1 func

33 456 printval
36 11935 cellcount
63 88505 nullp
84 183153 first
94 102572 rest
¢ 122 10305 cons
= 158 91 sum
- 330 92 GTp
- 349 92 GT
‘g 411 91 sinp
) 433 91 cosp
g 454 91 tann
, 539 10495 atomp
° 547 88505 nullp
! S64 47 nuil
' 599 5563 assoc
% 643 2284 pairlis
.{ 663 456 priutval
= 702 211 readval
o 704 298 nonblank
= 714 87 readlist
F‘j 770 3 readint
[ 827 €10 digit
835 634 letter
: 843 121 readident
r’ 867 211 readval
- 879 639 evcon
5 880 8118 evlis
; 881 3646 apply
~. 882 3 letrec
- 884 10495 eval
s47 3 letrec
3 1012 €39 evcon
’ ®
,
E 152
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- 1041 3118 evlis
b,
[ 1093 2550 applyprim
itf 1198 3646 apply

|

1239 28 dcprin
h 1261 1 readfname
4
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Compariscr of Programs Run wkith and Without the Memory

Manager (MM)

e column labeled "left" ir the followinj table refers
to the number of cells that were in the freelist after eval-
uation of the prograr. This is «caused by retarning the
cells that made the program list and is noteworthy because
several rrograms could be loaded in the same file and evalu-

ated without the danger of using all ailocated memory.

Cells Created

Progran H® Nc MM Left System User
IiME IIME

keverse 381 401 4€ 416 3566
Revaux 427 427 4e 533 1090
Apcend 531 561 51 566 10583
Map (sine) 599 629 9t 533 12233
Halving 774 898 102 816 15800
Collate 718 748 72 700 17566
Factorial 427 457 1€ 416 7566
Interval 1042 1192 211 933 34483
Filter 755 776 147 516 14233
Periodic 1071 1393 € 1116 53416
Split 611 €70 24 466 12300
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APPENDIX C

SOURCE CODE

(xp23P21ID STTAD JO I12qunu 343 HUTYOPI3 IOJ 2INIONIYIS PIedx)

¢ {3ndavno

tpua
$ISTT t3xau
tI3bajzur :sTIPoUNu
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{(+x3ISTT 991J I0I d3IN3IONI}S PIPJx)
(xT1T20%) ‘pu>
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on
—
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$( Te21 :feax ) :teax
${ 19b33uT :TeaT ) :3uUT
${ asTT :rTel ‘peay ) :3ST
3o adki3bey :Hhe3l BSED
tI9bo3uT :391
pIOD3I = TI®D
(sme1fo1d syl IO STT3D 873 IO 2INIINIIS PIP(x)
11900 = 3ISTT
t {(ooq ‘71e ‘vax ‘jut ‘3sT) = aliifey
tivuyo 3¢ (-08° -1 ") £Zeiae paxoed = awmpPuATIZ
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